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1 INTRODUCTION  

1.1 Background  

In 2013 a cooperation agreement was signed between ESA and ROSCOSMOS 
concerning Cooperation on the Robotic Exploration of Mars and other Bodies in the 
Solar System 

Bilateral  discussions concluded that the Russian and ESA plans and views for Mars 
exploration are quite similar in several aspects, both having Mars Sample Return as long 
term objective, and both with an interest in a Phobos Sample Return mission as 
intermediate mission to Mars Sample Return.  

A potential cooperation on a sample return mission to Phobos has been agreed as  
interesting to be jointly investigated, and can be seen as a combination of  the Russian 
mission Boomerang (with an updated definition with respect to Phobos -Grunt) and the 
proposed ESA-SRE mission Phootprint.  

1.2 Scope  

This study was an assessment to determine the feasibility of a joint European/Russian 
Phobos Sample Return Mission. On the ESA side, it was requested by ESA Science 
Directorate and funded by the General Studies Programme. The Russian contributions 
were funded by Roscosmos. The study was carried out in the ESA Concurrent Design 
Facility  (CDF) by an interdisciplinary team of specialists from the following  
organisations: 

¶ IKI (RU)  

¶ Lavochkin (RU)  

¶ ESA-ESTEC (NL) 

¶ ESA-ESOC (DE) 

¶ ESA-ECSAT (UK). 

The study was carried out in 8 sessions, starting with a kick-off on the 15th April 2014 
and ending with a final presentation on the 20 th May 2014.  

The scope of the study was to assess the technical feasibility of a joint mission and to 
create preliminary designs of the various elements, based on a preliminary cooperation 
scenario agreement between ESA and ROSCOSMOS for mission element sharing (one 
baseline and one backup solution). The study assessed the technical impact of possible 
mission options and assessed the technical risk and programmatic aspects of the 
mission. Specific science and technology goals are detailed in the Mission Objectives 
chapter of this report.  

1.3 Document Structure  

The layout of this report of the study results can be seen in the Table of Contents. The 
Executive Summary chapter provides an overview of the study.  
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Due to the specific organisation of the study involving ESA, IKI and Lavochkin, the 
structure of the document has the following particularities:  

¶ The Earth Return  Vehicle (ERV) and Propulsion Module (PM) (for baseline 
configuration) designs are detailed by Lavochkin in stand-alone chapters, 6 and 
7, (i.e. the corresponding subsystems description are included in these chapters, 
while for the L anding Module (LM) subsystems descriptions are addressed later 
on in the document as part of separate chapters ï see below)  

¶ The composite general design is addressed in the system part, chapter 8 

¶ After the system part, the LM (for the baseline configuration)  and ERC designs, 
are described through several chapters addressing the different  LM subsystems 
and the ERC, since these were the focus of the ESA technical team in terms of 
design definition  

¶ The sampling tool and associated sampling chain concepts are addressed only at 
the end of the document in two separate chapters (chapters 24 and 25), since two 
different solutions were proposed by ESA and IKI. However the ESA robotic arm, 
that could be used for the 2 sampling tool solutions, is described in chapter 12. 

¶ The programmatic parts (programmatics & risk s) are provided only from the ESA 
perspective. 

Due to the different document distribution requirements, this document is distributable 
to the public and therefore no costing information is provided. . 
 

 



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 15 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

2 EXECUTIVE SUMMARY  

2.1 Study Flow  

Requested by the ESA Science Directorate and funded by the General Studies 
Programme (GSP), the Phobos Sample Return study was carried out in 8 concurrent 
sessions starting with a kick -off on the 15th April 2014 and ending with an Internal 
Final Presentation (IFP) on 20th May 2014. The interdisciplinary team consisted of 
specialists from IKI (RU), Lavochkin (RU), ESA-ESTEC (NL), ESA-ESOC (DE), and 
ESA-ECSAT (UK). 

2.2  Mission Objectives and Requirements  

The Phobos Sample Return CDF study aims at demonstrating the feasibility of a joint 
ESA-ROSCOSMOS mission studying bulk characteristics of the Martian moons Phobos 
and Deimos and returning surface samples from Phobos. 

The mission is intended to demonstrate and mature technologies required for Mars 
Sample Return missions as well as to scientifically characterise the Mars moons Phobos 
and Deimos. 

The main mission requirements are summarised in Table 2-1. 

 

Req. ID Requirement 

MI - 010 The mission shall return approximately 100g of loose material from the surface of Phobos 

MI - 020 
The mission shall perform a series of science measurements of Deimos and Phobos using 
the payload as defined in chapter 5. 

MI - 030 
The mission shall be compatible with the science requirements defined in chapter 3.2, and 
with additional science objectives (following ESA/IKI discussions) defined in chapters 3.2 and 
5. 

MI - 040 

The mission shall be designed for a launch in 2024 as a baseline, with 2026 as back up 

C1: any type of transfer identified by mission analyses in this timeframe shall be checked 

C2: the requirement implies that the composite design shall be compliant with both the 
baseline and backup launch dates 

C3: mission compatibility with 2022 and 2028 launch dates shall also be checked for 
information 

MI - 050 

The mission shall be launched by Proton-M from Baikonur in a direct escape trajectory. 

C: the possible interest of an injection in an intermediate Earth orbit followed by a set of 
manoeuvres performed by the PM for escaping Earth, shall be checked 

MI - 060 The launch windows and transfers characteristics shall be as per chapter 4 of this report. 
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Req. ID Requirement 

MI - 070 

At Mars arrival, the mission shall perform a series of manoeuvres, as per chapter 4 of this 
report, in order: 

- First to allow for Deimos characterisation with the science payload, by reaching a 

QSO around Deimos 

- Then to reach its operational orbit (QSO) around Phobos 

C: in case of non-compliance with the launch mass, fly-by around Deimos instead of QSO 
may be considered 

MI - 080 

The Phobos science characterisation measurements shall be performed from three types of 
orbits: 

- A trailing orbit, at the end of the phasing phase, when the spacecraft is on an almost-

Phobos-orbit and is getting closer to Phobos 

- A Quasi Satellite Orbit around Phobos, also called operational orbit, during which a 

pre-selection of landing sites is performed 

- Fly-bys orbits over the pre-selected sites for finalising the landing site selection 

C: The Deimos observation strategy shall be less exhaustive than for Phobos, and will be 
defined during the study 

Table 2-1: Main Mission Requirements  

2.3  Phobos  Sample Return Mission Architecture  

The Phobos Sample Return mission consists of four elements: the Propulsion Module 
(PM), the Landing Module (LM), the Earth Return Vehicle (ERV), and the Earth Re-
entry Capsule (ERC). In the baseline cooperation scenario, the PM and ERV are under 
ROSCOSMOS responsibility while ESA is responsible for the LM and the ERC. 

The assembly of the four elements ï henceforth called ócompositeô - is launched with a 
Proton-M launch vehicle and brought into a direct escape trajectory with the Breeze-M 
upper stage. 

The baseline mission architecture is depicted in Figure 2-1. 
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Figure 2-1: Baseline Miss ion Architecture  

 

In Table 2-2, the mission phases and milestones with the corresponding durations and 
dates are listed for the short and long mission scenarios of the baseline launch date in 
2024. The total mission duration is 2.7 years for the short mission scenario and 4.8 
years for the long mission scenario, each including significant margin  with respect to the 
available days before departure. A main advantage of the long mission scenario is to 
allow for a much longer Deimos characterisation phase, but this was not deemed 
necessary at this stage. 
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Milestones and Mission Phases Date / Duration [d] 

Earth Departure Date 22/09/2024 12/10/2024 

Launch and Direct Escape 0 0 

Transfer Earth-Mars 352 332 

Retained Mars Arrival Date (Worst case) 09/09/2025 09/09/2025 

Transfer to Deimos 30 30 

Deimos Close Proximity Phase 25 300 

Deimos-Phobos Transfer 5 5 

Phobos Close Proximity Phase 145 490 

Descent and Landing Phase 14 14 

Surface Operations Phase 6 6 

Ascent Phase 2 2 

Departure Phase 30 30 

Sun-Earth conjunction (operations not possible) 50 100 

Mars Departure Date to Earth 03/08/2026 06/09/2028 

Transfer Mars-Earth 320 339 

Re-entry Phase 0 0 

Arrival to Earth 19/06/2027 11/08/2029 

Table 2-2: Mission Phases and Milestones for Short (left) and Long (right) Mission 
Scenario and Launch in 2024  

 

2.4  Phobos Sample Return Composite  

The Phobos Sample Return composite is depicted in Figure 2-2. The main 
characteristics of the composite are listed in Table 2-3. 

 

Figure 2-2 :   Phobos Sample R eturn  composite  
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Composite Main Characteristics  

Mass (incl. Margin)  
Dry Mass: 1694 kg 
Science Instruments Mass: 38.4 kg  
Max Propellant Mass: 3377 kg (launch 2026)  

S/C Main Components  

- ERC (Earth Re-entry Capsule) 
- ERV (Earth Return Vehicle)  
- LM incl. science P/L (Lander Module)  
- PM (Propulsion  Module ) 

Table 2-3: Composite main characteristics  

 

2.5  Phobos Sample Return  Elements  

2.5.1  Earth Re-entry Capsule  

The Earth re-entry capsule (ERC) and its main characteristics are presented in Table 
2-4. 

 
Earth Re -entry Capsule  Description  

Trajectory  

Landing location  Kazakhstan 

 

Entry velocity  
12.3 km/s (relative entry 
velocity - worst case 
retrograde) 

FPA -9.8  deg (nominal)  
Mass  35 kg (incl. margin)  

Shape 
Scaled from Hayabusa 45°  half cone front shield  
Main Diameter  0.75 m 

TPS 

FS: ASTERM  
BS: Norcoat Liege 
Heat load Max: ¬ 221 MJ/m 2   (w. margin)  
Heat Flux Max: ¬ 15 MW/m 2   (w. margin)  

EDLS None  (no parachute) 

Structure 
Load bearing 
Crushable materials to limit loads on sample 

Mechanisms 
Sample container 
Spin Separation device remaining on ERC 

GNC None (uncontrolled re -entry)  

Communications  
High g-load resistant recovery beacon based on 
aviation ELT or alternative  

DHS None 

Table 2-4:  Earth Re-entry Capsule  main characteristics  

 
  



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 20 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

2.5.2  Earth Return Vehicle  

Table 2-5 shows the Earth return vehicle (ERV) and its major characteristics.  

Earth Return Vehicle Characteristics  

AOCS/GNC 
Sensors 

Star Trackers 

 

Sun Sensors  
IMU  

RCS 16 x 0.8N Thrusters, cold gas 

Propulsion  
Bipropellant  system, NTO/N2H4  
Main Engine: 4 x 123.5N  
Tanks: 4 fuel + 2 pressurant 

Power 

SA Body mounted  

Battery 
1 x Lithium Ion  
BoL energy: 616 Wh 

On-board 
voltage 

27±1.35V 

Communications  
All X -Band system 
2 omni -directional  antennas 

Thermal  MLI, heating lines, heaters 
DHS OBC 

Mechanism 

ERC spin separation device (SED TRP) 

ERV separation remaining on ERV 
Cable cutters 

ERC ring hinge 

ERC hold down 

Structure 
Structural tanks + central cone for ERC 
accommodation 

Table 2-5:  Earth Return Vehicle main characteristics  

 

2.5.3  Landing Module  

The Landing Module (LM) and its subs ystem details are depicted in Table 2-6. 

 
Lander Characteristics  

AOCS 

D&L Autonomous relative navigation  
 
 

 
 
 
 

Sensors 

2 x Star Tracker (AASTR) 
2 x European IMU (Astrix 1090 
+ QA3000)  
Wide Angle Cameras (2 OH) + 
(1EU), FoV: 53° 
2 x Coarse Sun Sensor (TNO) 
2 x Radar Altimeter  

Actuator  
4 x Reaction wheels (RSI 12/75-
60)  
16 / 24 x 20N thrusters   

Propulsion  

Monopropellant system (Hydrazine)  
Main engine: 1 x 1.1kN HTAE 

Tanks 
4 x Eurostar 2000 based, with 
1801kg propellant 

Power SA 
5 x deployable wings 
Solar cells: 30% 3J GaAs 
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Lander Characteristics  

Total area: 10.8 m2  
 
 

 
 
 

 

1.2 kW (EOL Mars Orbit)  

Battery 
1 x Lithium Ion  
BoL energy: 2600 Wh 

Bus 28V MPPT regulated bus 

Communications  

All X -Band system 
1 x steerable HGA 
3 x fixed LGA for 4ɸ coverage 
2 x TWT  Power: 65W 
2 x optional LGAs on PM 

Thermal  
MLI, heating lines, Black Paint, SSM, 
insulating Stand -Offs 
No heat pipes 

Mechanism 

Sample 

1 x Robotic arm incl. gripper 

4 x landing legs 

Sampling and containment tool 
(Rotary brushes)  

Support 

SA HDRM 

HGA pointing mechanism  

HGA pointing electronics  

HGA resettable HDRM (RUAG)  

Robotic arm HDRM  

ERV separation device 

ERV ejection springs 

DHS OBC + MM based on LEON-FT 

Structure 

Octagonal structure with CFRP and Al-Al 
panels. Corner beams transferring the load 
from the 8 PM hard points; top and bottom 
covers 

Table 2-6:  Landing Module main characteristics  

 

2.5.4  Propulsion Module  

In Table 2-7, the Propulsion Module (PM) is shown and its main characteristics are 
listed. 

 

Propulsion Module Characteristics  

AOCS None (Controlled by LM)  

 

Propulsion  
Bipropellant system N2H2/NTO  
Main engine: 20 kN  
Tanks: 6 spherical 

Power 
Chemical battery for propulsion power 
supply 

Communications  X-band antenna (Optional control by LM)  
Thermal  MLI, heaters  
DHS None 
Structure Structural tanks  

Table 2-7:  Propulsion Module main characteristics  
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2.6  Conclusions and Options  

The Phobos Sample Return study has demonstrated the feasiblity of  a reference mission 
scenario for the baseline, with the following main characteristics.  

¶ Russian PM and ERV design derived from the   Phobos-Grunt mission , with a PM 
design almost recurrent from Fregat , and an ERV design tailored to meet the 
ESA ERC release requirements, as well as to be compatible with a potential future 
Mars Sample Return mission. 

¶ European LM and ERC design derived from  ESA Phootprint studies. The LM 
structural design has been optimised with respect to the interfaces with the 
Russian modules 

¶ Outbound double stage transfer with staging at Phobos arrival after Deimos visit  

¶ Joined European / Russian scientific payload in LM  

¶ 2 options for sample acquisition have been investigated (one allowing bulk 
sampling, other allowing precise sampling) 

¶ LM survives on surface after ERV departure 

¶ Inbou nd single stage return transfer 

¶ ERC re-entry and landing in Kazakhstan. 

Furthermore, a backup scenario has also been studied (at a lower design definition level 
compared to the baseline) following the same mission architecture as the baseline but 
with a different cooperation scenario. Its main characteristics are as follows: 

¶ ERC (ESA) and ERV (RU) are identical to the baseline mission 

¶ Switch of responsibilit y between ESA and Russia on the PM and LM resulting in a 
different staging: Jettisoning of the PM at Deimos arrival (w .r.t. Phobos arrival in 
the baseline) and Deimos to Phobos transfer by the lander propulsion system  

¶ Russian LM extensively based on Phobos-Grunt re-use 

¶ ESA PM largely based on the MREP pre-Phase A  Phootprint system studies 
design heritage (as well as Lisa Pathfinder mission). 

Beyond demonstrating the technical feasibility of a combined Russian/European 
Phobos sample return mission, this study has proven that real-time concurrent activities 
can successfully be performed between ESA, IKI and Lavochkin. This study has been the 
first CDF study where ESA has collaborated in real time with the Russian partners IKI 
and Lavochkin and repeating this experience in the future can only be encouraged. 
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3 MISSION OBJECTIVES  

3.1 Background  

ESA-SRE is currently in discussion with the Russian Space Agency ROSCOSMOS for a 
potential common mission in the frame of Robotic Exploration of Mars and other bodies 
in the Solar System following cooperation agreement signed by both agencies in early 
2013. 

ExoMars 2016 and 2018 missions are considered as the first stage of this cooperation, 
but this agreement stipulates that subsequent stages of cooperation on Mars 
Exploratio n between the agencies could be undertaken. 

This has been further developed during bilateral  discussions which have concluded that 
Russian and ESA plans for Mars exploration framework were quite similar in several 
aspects. In particular  both have Mars Sample Return (MSR) as long term objective, and 
both with an interest in a Phobos Sample Return mission as an intermediate mission to 
MSR. 

A Joint ESA-ROSCOSMOS Working Group, with the mandate to build -up scenarios for 
Mars robotics cooperation beyond ExoMars, have concluded on various possible joint 
Phobos Sample Return mission scenarios and agreed on two possible options for 
responsibility sharing between Russia and Europe as well as on the need of jointly 
assessing the technical feasibility of these scenarios. 

In March 2014, the heads of Agencies endorsed the joint CDF study to be conducted by 
IKI, Lavochkin, and ESA. 

3.2  Science Objectives  

The scientific objectives were under consolidation at the time of this study (ESA-IKI). 
The major aspects can be summarised as follow: 

¶ To sample and return more than 100g of Phobos surface regolith 

¶ To perform science characterisation of Phobos at global and local scale 

o Global characterisation by remote sensing of Phobos from  Trailing & Quasi 
Satellite Orbits  (QSO) 

o Fly-bys for high resolution measurements, local characterisation of candidate 
landing sites 

o In -situ imaging of the sampling area and sampling point at very high 
resolution  before and after the sampling. 

o Post-sampling monitoring science  done by the Landing Module which will 
remain on the Phobos surface after the Earth Return Vehicle has lifted-off  

¶ To perform science characterisation of Deimos at global scale only 

o Remote sensing of Deimos from Trailing & Quasi Satellite Orbits. 

3.3  Technolog y Objectives  

In a technology standpoint, the following objectives have been set: 



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 24 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

¶ To demonstrate or mature technologies required for Mars Sample Return: 

o Earth Re-entry Capsule, Earth Return Vehicle, Autonomous Rendezvous in 
Mars orbit  (in some ways similar to a landing on Phobos), Sampling, Sample 
Handling and Sealing, Operations. 

3.4  Options  

As introduced in section 3.1, among the various cooperation scenarios identified  by the 
joined ESA-ROSCOSMOS Working Group, the following two options have been selected 
as main cooperation scenarios. 
 

 Baseline  Backup  

 ESA  ROSCOSMOS  ESA  ROSCOSMOS  
Launcher      
Transfer Propulsion 
Module (PM)  

    

Landing Spacecraft 
(LM)  

    

Sampling and 
Transfer Equipment  

 With ROSCOSMOS  
participation  

 With ROSCOSMOS  
participation  

Earth Return Vehicle 
(ERV)  

    

Earth Re -Entry 
Capsule (ERC)  

    

     
Science Instruments      
Launch Ops      
SC Cruise + Landing 
Ops 

    

ERV SC Operations      
Science Operations      
Ground support      
Sample Receiving 
facility  

    

Science exploitation      

Table 3-1: ESA -ROSCOSMOS Cooperation scenario  

This follows the following model space segment elements:  

 

Figure 3-1: Elements cooperation scenario (left: baseline, right: backup)  
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3.5  Study Objectives  

This CDF study has focused on the feasibility evaluation of the baseline cooperation 
scenario previously presented. 

As a secondary task, the backup cooperation scenario has been addressed at system 
level. 

For each cooperation scenario , both Russian and European sampling chain solutions 
have been considered (sampling tool and robotic arm). 

3.6  Mission and System Requirements  

The Mission and System Requirements for this study have been compiled in the 
ñPhobos Sample Return ROSCOSMOS-ESA joint mission, Mission Requirement 
Documentò RD[1] (referred to in this report as the ñMRDò). 

This document has been prepared by the studyôs customer starting from  the ESA 
Phootprint MRD and further elaborated and agreed with all study participants (IKI, 
Lavochkin, ESA-SRE & ESA CDF). 

All refined requirements are presented in chapter 8 ï Systems. 
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4  MISSION ANALYSIS  

4.1 Requirements and Design Drivers  

The prime task of Mission Analysis in the context of the present study was to establish 
the changes in the mission constraints and the mass and delta-v budgets if the launch 
vehicle is no longer a European Ariane 5 ECA, as assumed in RD[2]  for the MREP pre-
Phase A Phootprint system study, but a Proton M / Breeze M provided by Russia and 
launched from Baikonur , which is the baseline solution agreed for this study. 

The launch opportunities for short (around one half ellipse) and long (around one and a 
half ellipses) transfers and also short transfers preceded by a one year Earth-Earth arc 
and an Earth swing-by in the 2022-2028 time frame are to be taken into account (to 
provide a wider view than the baseline 2024-2026 slot) . 

4.2  Assumptions and Tr ade -Offs  

The transfer delta-v costs for a targeted first encounter with Phobos were to be traded 
against the case where Deimos is targeted first. In that case, also the delta-v cost and 
duration of a transfer from Deimos to Phobos is to be assessed. 

4.3  Baseli ne Design  

4.3.1  Launch and Earth Escape Sequence  

Unlike launch with Ariane 5, Soyuz or Atlas V, the Proton-M/Breeze-M escape sequence 
can be very lengthy, requiring four (sometimes five) burns of the 20 kN motor on  the 
Breeze-M stage. 

The first of the Breeze M manoeuvres inserts into a 185 km parking orbit, while b urns 2 
and 3 inject into consecutively more highly eccentric orbits . Between burns 3 and 4, 
Breeze M jettisons an empty toroidal tank. Finally, burn 4 injects into hyperbolic escape. 

This means that at least two complete revolutions on eccentric orbits plus the escape arc 
are performed before escape, leading to five passes through the Van Allen belts and 
incurring radiation doses. The length of the sequence also has impacts on the power and 
thermal subsystems, and there can be multiple eclipse passes. The following table is 
extracted from the Proton M userôs manual RD[3]  Annex F. 
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Table 4-1: Proton M / Breeze M Escape Performance and Duration  

4.3.2  Outbound Transfers  

The following timeline is followed by a spacecraft launched by Proton M / Breeze M 
until it reaches the orbit of Phobos (or Deimos):  

¶ Launch + escape sequence 

¶ Launcher injection correction up to 7 days after launch  

¶ None, one or several deterministic (large) manoeuvres during transfer (Deep 
Space Manoeuvre = DSM 1, 2, 3é) 

¶ (Earth swing-by for some regarded cases) 

¶ Mars orbit insertion: Injection into inclined HEO around Mars with period of 4 
sols, apoares altitude ~96,000 km, periares altitude ~300 km.  

¶ Target orbit acquisition (TOA) 1 near apoares: raises periares to Phobos (or 
Deimos) orbit altitude, reduces inclination  

¶ Target orbit acquisition (TOA) 2 at new periares (=Phobos (or Deimos) orbit 
altitude: circularizes orbit and ad justs inclination  

¶ Spacecraft is now in an orbit that matches that of Phobos (or Deimos), but some 
phasing (catching up) may still be required . 

4.4  Budgets  

It is assumed that an individual launcher program will be provided for each day of the 
21 day launch period (LP). In practice, this might not be so. If the number of launcher 
programs is limited to e.g., 3 per launch period, the entire scenario would have to be re-
assessed. Typically, this will lead to penalties ï increases in delta-v, loss in wet mass or 
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both. In the following tables, the lowest launcher performance throughout the LP was 
applied to the entire LP. The mass budget is estimated subject to this value. 

4.4.1  Short Transfers  

 

Table 4-2: Summary of Short Tra nsfers, LPO and LPC  

4.4.2  Long Transfers  

 

Table 4-3: Summary of Long Transfers, LPO and LPC  
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4.4.3  Earth Swing -by Transfers  

ESB transfers have been assessed. They do not lead to an increase in mission 
performance for th e regarded scenarios. 

4.4.4  Near Phobos Operations  

Near-Phobos operations have not been revised in the context of the present study. The 
information given in RD[2]  remains applicable. 

4.4.5  Earth Return  

All operations required to leave Phobos and return to the Earth have not been revisited 
in the context of the present study. The information given in RD[2]  remains applicable. 

4.5  Options  

4.5.1  Transfer from Deimos to Phobos Orbit  

If the spacecraft were sent to the Deimos orbit at first, a subsequent transfer to the 
Phobos orbit would be required. This would add a delta-v penalty in the order of 800 
m/s to the delta-v budget of the outbound mission . The duration of the transfer is 
around 9 hours, however lengthy drift periods before and after the transfer can be 
required.  

Alternatively, it would be possible ï with much less delta-v penaltyï to perform a series 
of close fly-bys at Deimos by splitting TOA2 into several parts and first inserting into an 
intermediate orbit that is synchronous with that of Deimos. On that orbit, a number of 
fly-bys could be targeted before the apoares is reduced to the Phobos orbit radius. 
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5 PAYLOAD  

5.1 Requirements and Design Drivers  

The selection of candidate instruments of the model payload is largely defined by 
science requirements given in RD[4] , the Science Requirements Document (SciRD). 
This document originates from a previ ous mission study called Phootprint. This mission 
addresses in a very similar manner the return of sample material from Phobos to Earth. 
Therefore the SciRD has been adopted by all participating parties to this study with the 
addition of Deimos global characterisation ( similar  requirements as per Phobos global 
characterisation). 

However,  the payload model differs from the one selected for Phootprint and for this 
study, the payload definition was further discussed and agreed between ESA and 
Roscosmos / IKI  (in particular few instruments were added compared to Phootprint  in 
order to increase the science achievements). Consequently the suite of payload 
instruments has been modified to the current mission cooperation scenario and design 
and is described in the following sections. 

5.2  Assumptions and Trade -Offs  

A variety of payload candidate instruments have been suggested for the Lander Module 
(LM) , for the Earth Return Vehicle (ERV) and the Earth Re-entry Capsule (ERC). In 
order to establish a model payload, candidate instruments have been prioritised in three 
different categories mounted on the LM, ERV or ERC. 

1. Category I (instruments mounted on LM only)  
a. Payload instruments of essential importance to fulfil the agreed scientif ic 

objectives 
b. These instruments shall be accommodated in the mission and spacecraft 

design and are part of the model payload. 
2. Category II (instruments mounted on LM only)  

a. Payload instruments that provide additional scientific data and would 
improve the science return of the mission. However, these results are not 
mission critical to the mission success. 

b. They are not part of the model payload, they are optional in case a resource 
budget becomes available for proper integration. 

3. Category III  (instruments mounted on ERV or ERC)  
a. Payload instruments that provide additional scientific information however 

do not fit in category 1 or 2. 
b. Accommodation in mission and spacecraft design is subject to study. 

5.3  Baseline Design  and Characteristic of Model P ayload 
Instruments; Category I (Instruments Mounted on LM Only)   

This section describes the key design parameters and their scientific relevance for each 
instrument of the model payload.  
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The instruments take strong heritage from previous space missions, instrument 
proposals to missions in implementation or under study i.e. Phobos-Grunt, ExoMars, 
MarcoPolo and MarcoPolo-R. 

Generally the instrument details have a confidential character and cannot be displayed 
in this report. Therefore the instrument parameter s are generalised but still leading to a 
robust estimate of their resource budgets for the purpose of this study. 

5.3.1  Wide Angle Camera - WAC  

The WAC is based on a dioptric design with a focal length of 105 mm. The detector with 
2048x2048 pixels (A/D 16 bit) c overs the wavelength range between 400 and 950 nm. 
The resource budgets (Table 5-1) are based on a camera design proposed for the 
MarcoPolo assessment study.  

The WAC is used for overview images to locate the images obtained by the NAC. Further 
limb observation will support the re -construction of the shape model of Phobos. 

5.3.2  Narrow Angle Camera ï NAC and CSU  

The NAC is based on a three mirror anastigmatic optical design with a focal length of 
660 mm. The 2048x2048 pixel detector (16 bit A/D) covers the visible and near infrared 
wavelength range (400-850 nm). The operational distance of the NAC between ~5km 
distance and infinity to the surface requires the introduction of a focus mechanism to 
the design. Further it is assumed that the NAC is operated as a framing camera. 

The generic resource budgets (Table 5-1) are obtained from a camera design proposed 
for the MarcoPolo-R mission study. 

The NAC is responsible for the global characterisation and mapping of Phobos as well as 
the landing site characterisation  (i.e. Phobos local characterisation) . 

The WAC and NAC will share a Common Support Unit (CSU) responsible for power 
conditioning, command and data acquisition  and handling.  

5.3.3  Stereo Camera ï StereoCam  

The StereoCam consist of two camera heads mounted in a single housing including the 
electronics. The unit is placed outside on the lander platform viewing the landing site 
and the working area of the robotic arm. The CCD consists of a 1024x1024 pixel matrix 
with fast read out of up to 30 frames per second. 

The StereoCam is used for the sampling area  characterisation, identification of the 
sampling point (s) and observes the robotic operations. 

The instrument has been developed for the Phobos-Grunt mission ( Table 5-2). 

5.3.4  Close -Up Imager ï CLUPI  

The CLUPI is a lens camera in a highly integrated design. A colour sensor takes full RGB 
images without any loss in resolution. Through a focus mechanism the camera can be 
operated from infinity down to a few cm distance to the target. It is located on the 
roboti c arm in close proximity to the sampling tool.  
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The characterisation of the sampling point(s) at sub-mm resolution before and after the 
sample is collected is the main scientific goal of this instrument.  

The generic resource budgets (Table 5-1) are obtained from a camera design proposed 
for the MarcoPolo-R mission study. 

5.3.5  Visible Near Infrared Spectrometer ï VisNIR  

The VisNIR is an imaging spectrometer. It utilizes a sli t spectrometer based on a prism 
system dispersion in an Offner relay configuration. The spectrometer covers the spectral 
range from 0.4 to 4.0 µm. A pointing mirror mechanism at the front of the instrument 
provides some flexibility during instrument operat ions at the target. The detector is 
thermally controlled by a cryo cooler.  

The generic resource budgets (Table 5-2) are obtained from a camera design proposed 
for the MarcoPolo-R mission study. 

The VisNIR provides global and local mapping and landing site characterisation by 
mineralogical composition and distribution of provinces on the surface of Phobos.  

5.3.6  Mid Infrared Spectrometer ï MidIR  

The MidIR is a spectrometer and thermal imager. It contains two light paths separated 
by a flip mechanism which either exposures the imager or spectroscopic unit. A double 
entrance with corresponding pointing mirror allows in -flight calibration by looking into 
deep space. An uncooled bolometer simplifies the design and makes an active cooler 
obsolete. The instrument covers the wavelength range between 8 µm and 18 µm. 

The generic resource budgets (Table 5-2) are obtained from a camera design proposed 
for the MarcoPolo-R mission study. 

The instrument delivers a global temperature map and identifies mineral features and 
regolith physical properties on a global scale as well as of the landing site 
characterisation.  

5.3.7  Neutron Spectrometer - ADRON -RM  

The instrument measures passively thermal and epithermal neutrons released by the 
surface of Phobos and also from the general radiation environment. The design is based 
on 3He proportional counters.  

A similar in strument is under development for the ExoMars rover mission. The generic 
resource budgets are given in (Table 5-2).  

ADRON-RM provides data on the hydrogen content in the upper layer (~1 m) of 
Phobos. The hydrogen is bound in water, water ice and as (OH)- and H2O molecules in 
hydrated minerals.  

5.3.8  Dust Dete ctor - DIAMOND  

The dust counter is based on a charged grid and an underlying piezoceramic plate 
detecting the impact of the particle. Through a direct measurement the impulse, velocity 
and direction of the incoming particle can be determined.  
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Two identical  and independent instruments are mounted fore - and backward looking 
with respect to the flight direction.  

An identical instrument was build for the Phobos -Grunt mission. The generic resource 
budgets are given in (Table 5-2). 

5.3.9  Starfield Observation ï LIBRATION  

The LIBRATION experiment is based on a wide field, startracker like camera. It is 
operated during and after landing operations. As such it is mounted looking upwar ds 
observing the star field. It should remain on the surface module for continued 
operations after lift -off of the Earth return vehicle.  

This instrument was build for the Phobos -Grunt mission. The generic resource budgets 
are given in (Table 5-2). 

The continuous observation of stars from the surface of Phobos reveals a subtle 
wobbling of Phobos. This refers to irregularities on the inner structure.  

5.3.10  Radio Science Experim ent  

The radio science experiment is linked to the spacecraft communication subsystem. 
Currently no specific requirements beyond its standard performance are identified.  

5.4  Optional Instruments; Category II (Instruments Mounted 
on LM Only)  

The optional instrum ents consist of a less precise specified list of possible 
instrumentation. It mainly refers to instruments that perform in -situ observation or 
require the acquisition of a surface sample. Often auxiliary like a robotic arm or sample 
processing machinery is required for a successful installation of the instruments.  

Typical examples of this group measure the chemical and isotopic composition by 
means of: 

¶ X-ray fluorescence 

¶ Laser-plasma spectroscopy 

¶ Various mass spectrometry techniques. 

The mineralogical composition and specific phase identification can be tackled by: 

¶ Moessbauer spectrometry 

¶ Raman spectrometry 

¶ X-ray diffraction spectrometry  

¶ Micro -infrared spectroscopy 

¶ Attenuated total reflection spectrometry.  

A variety of penetrator type devices can assess physical properties of the upper regolith 
layer. In addition, these devices can be equipped with analytical tools of the examples 
above. 
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5.5  Optional Instruments Category III (Instruments Mounted 
on ERV and/or ERC)  

5.5.1  BIOPhobos Experiment  

This unit was designed to investigate the dormant forms of biological objects during 
long term interplanetary missions to deal with planetary quarantine and astrobiology 
issues. The results of this experiment can be useful in biomedicine and manned space 
exploration.  A small hermetic capsule (about 100 g) is mounted into the returned ERC 
without any actions during the flight to Mars and back. For further details see Table 5-3. 

5.5.2  TV Camera  

A TV camera is mounted on the ERV to take pictures (video) of the LM at the surface of 
Phobos during take-off. These pictures would be very useful for references of 
measurements and sampling on the surface and for public relation purposes. For further 
details see Table 5-3. 

5.6  List of Equipment  

In Table 5-1 and Table 5-2 the modal payload is listed. The key instruments 
characteristic resource requirements are summarised. 

 

 WAC  NAC  CSU Stereo Cam  CLUPI  

S/C interface  

Accommodation 

Operation 

Inside 

Orbit  

Inside 

Orbit  

Inside 

Orbit  

Lander 

Surface 

Arm 

Surface 

electrical na  28 V reg. 28 V reg na 

data na na spacewire RS-232 na 

thermal  radiator  radiator    radiator  

Pointing  

direction  nadir  nadir  Close to 
WAC/NAC 

300 to normal  According arm 
pos. 

absolute error 
[mrad]  

1.25 1.25 na n/a  8.7 

Relative error 
(stability) [ µrad/s]  

200  15 na n/a  20 

Field of view  11.2 1.7 na 700 of each 
camera and 
60% stereo 
overlapping 

14.0 

Unobstructed FoV ±45 ±45 na n/a  Tbd 

Physical  

No. of unit  1 1 1 2 cameras in 
one case 

1 
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 WAC  NAC  CSU Stereo Cam  CLUPI  

Volume (hxwxl) 
[mm]  

115x172x237 380x340x200 
body 

180x130Ø 
baffle 

100x220x290  230x150x180 120x100x225 

Mass [kg] 2.15 7.0 3.5 1.5 0.7 

Mass +20% 2.65 8.4 4.2 1.8 0.84 

Power [W]  

Orbit operations  11.5 15.6 8 n/a  na 

Surface operations na na na 9 12.5 

Stand-by 8 tbc 8 tbc 8 1.5 TBC 3.3 

Temperature [C °]  

Min/max ops  -55/+50  -55/+50  -55/+50  -40/+40  -20/+50  

Min/max non ops  -55/+60  -55/+60  -55/+60  -60/+60  -30/+60  

TRL 4 4 4  4 

Table 5-1:  Model Payload: camera systems  

 

 VisNIR  midIR  ADRON -RM  DIAMOND  LIBRATION  RSE 

S/C interface  

Accommodation 

operation  

Inside 

Orbit  

Inside 

Orbit  

Bottom side 

Orbit/surface  

Lander side 

Orbit/surface  

Top deck 

surface 

TT&C 

orbit  

electrical 28 V reg. 28 V reg. 25-35 V reg 27 V reg 28 V reg  

data spacewire spacewire TBD RS-
485/space 
ware possible 

RS-422  

thermal  radiator  radiator  Under MLI  Under MLI  n/a   

Pointing  

direction  nadir  nadir  Lower 
hemisphere 

Two opposite 
sides of the 
LM  

Upper 
hemisphere 

 

absolute error [mrad]  0.12 1.6 n/a  n/a  n/a   

Relative error 
(stability) [ µrad/s]  

97 242 n/a  n/a  n/a   

Field of view  1.83 9.5x7 hemisphere hemisphere ±18  

Unobstructed FoV  ±15 11x11 n/a  n/a  ±60   

Physical  

No. of unit  2 1 1 2 1  

Volume (hxwxl) [mm]  120x175x
357 opt. 

14x25.5x2
9 

210x205x60 150x150x80 65x60x100  
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 VisNIR  midIR  ADRON -RM  DIAMOND  LIBRATION  RSE 

90x180x1
90 elec. 

Mass [kg] 7.10 6.3 1.6 1.9 0.25  

Mass +20% 8.52 7.6 1.9 2.3 0.3  

Power [W]  

Orbit operations  20 18 5 10 n/a   

Surface operations na na 5 10 2  

Stand-by 7 4 1 0.1 TBC 0.1 TBC  

Temperature [C °]  

Min/max ops  -20/+50  +5/+15  -20/+40  -20/+40  -40/+50   

Min/max non ops  -30/+60  -40/+40  -30/+50  -50/+60  -50/+60   

Table 5-2:  Model Payload: Spectrometers and other instruments  

 

In summary , the spacecraft should provide accommodation for the suite of model 
payload (Table 5-1 and Table 5-2) with the following total budget of:  

¶ 32 kg applying a maturity margin of 20%, a total mass of 38.4 kg 

¶ 80 W, applying 20% of maturity margin, a total of 96 W for orbit operations  

¶ 38.5 W, applying 20% of maturity margin, a total of 47 W for surface operations. 
 

 TV Camera  BioPhobos  
S/C interface  

Accommodation 
Operation 

ERV ERC 

electrical 28 V na 
data  na 

thermal  radiator  na 
Pointing  

direction  na na 
absolute error [mrad]  na na 

Relative error 
(stability) [ µrad/s]  

na na 

Field of view  600x600 na 
Unobstructed field of 

view 
600x600 na 

Physical  
No. of unit  1 1 

Volume (hxwxl) 
[mm]  

80x80x80   

Mass [kg] 0,5 0.1 
Mass +20% 0,6 0.11 

Power [W]  
Orbit operations   na 

Surface operations na na 
Stand-by na na 
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 TV Camera  BioPhobos  
Temperature [C °]  

Min/max ops  -20/+50   
Min/max non ops  -30/+70   

TRL    

Table 5-3:  Optional Payload mounted on ERV and ERC  

The data volume generated by the instruments during the different mission phases are 
specified in section 18.2.3.  

Regarding the Science requirements for the Deimos and Phobos global and local 
characterisation, the resolution performance of the remote sensing instruments has to 
be analysed in further phases and discussed with the scientist considering the current 
mission operations and design constraints.  

5.7  Technology Requirements  

Generally the chosen candidates of the model payload suite have a strong heritage from 
previous missions or are at an advanced level of development. Certainly all instruments 
would require an adaptation to the specifics of a Phobos sample return mission. Yet no 
items on sub-system or component level could be identified that would be subject to a 
completely new development campaign. 

Possibly critical items are rather subject of standard engineering work or candidates of a 
qualification campaign. Among those groups the following elements can be identified:  

¶ High performance sensors 

¶ Focus mechanisms 

¶ Pointing mechanisms 

¶ Automated covers. 
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6  PROPULSION MODULE  (BASELINE)  

6.1 Study Assumptions  

During the joint Phobos -SR study the PM was considered as an executive module which 
is controlled by the LM. The purposes of this module are:  

¶ To brake the composite SC in Mars gravisphere for acquisition of Mars orbit  

¶ To perform high dV manoeuvres between Phobos and Deimos observation orbits. 

Reasons to use PM as a controlled executive module are: 

1. LAV has extensive experience in the development and operation of the PM itself 
as well as its prototype.The principles and materials used in the development of 
the PM have a long flight heritage and are applied in the newly developed Russian 
spacecraft 

2. PM has wide opportunities for modification in term s of change of max tanks 
volume and structure strength increasing  

3. PM has a simple and light-weight structure, allowing it to carry a lot of propellant 
with a minimum of incidental mass.  

During bilateral discussions, several design options of the PM were reviewed for the 
Phobos Sample Return mission.  The main factor which defined the final result was a 
required volume of propellant to achieve the purposes described above. Both parties 
concluded that it looks more reasonable to separate PM from LM at as late mission 
phase as possible, namely before landing on Phobos.  This fact is due to decreased LM 
mass and also to reduce requirements for the LM propulsion capabilities.  

6.2  Design Description  

PM for the Phobos Sample Return mission has a structure of 6 intersecting spheres, 4 of 
them being bipropellant tanks ( NTO/N2H4 ). Max propellant volume of the chosen PM 
option is 5300 kg, dry mass of the PM is about 650 kg. General view of the PM is shown 
in Figure 6-1. 

 

Figure 6-1: PM general view  
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Propulsion module includes the following systems: 

¶ Propulsion system, control unit  

¶ TCS , control unit  

¶ Chemical current source. 

A key feature of the PM should be considered the absence of a control system, ACS and 
solar panels. The PM is equipped with a central engine with two thrust modes F1=19.85 
kN and F2=14.00 kN,  Isp=332s RD[37] .  Moreover, it is worth noting that low -gain 
antenna on ïX direction should be placed below the plane of the junction between PM 
and Launcher adapter to ensure the Earth link with a composite SC during mission 
phases before PM separation.  This fact is due to the dimensions of the PM, which could 
be the cause of radio interference. 

The PM separates from LM with an adapter. 8 spring-loaded actuators with 
pyrotechnical triggers are used for PM separation from  LM with a force of 882N.  Signal 
to pyrotechnical triggers for the synchronous operation comes from LM . It  is necessary 
to use special pyrotechnical knife for the mechanical separation of the waveguide to ïX 
antenna in case of PM separation. The pyrotechnical knife cutting process scheme is 
shown in Figure 6-2. 

 

 

Figure 6-2:  Pyrotechnical knife cutting process scheme  

Proposal for PM power supply scheme and PM power consumption are shown in Figure 
6-3 and Table 6-1 respectively.  
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Figure 6-3:  Proposal for PM power supply  

 

 

Table 6-1:  PM Power consumption  

6.3  Options  

PM options which have been discussed during joint CDF study are shown in Table 6-2. 

 

Table 6-2:  PM Options  
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The analysis showed that in order to meet the requirements described in MRD, it is 
reasonable to use the first PM option. This option provides the possibility to fill the PM 
with the necessary amount of propellant to cover all high dV maneuvers during all 
mission phases before landing on Phobos. 

6.4  Interface Requirements  

During the joint CDF study, parties discussed mechanical and electrical interface 
requirements.  

Regarding the mechanical interfaces, the parties have agreed on preliminary mounting 
dimensions and also on responsibility sharing scenario for the adapters and the 
separation systems. 

The adapter and the separation system between LM and PM are under ROSCOSMOS 
responsibility, adapter mass is 35 kg, general view of the adapter and its mounting 
dimensions are shown in Figure 6-4. 

 

Figure 6-4:  LM/PM adapter  

Considering the options for data , electrical and RF interfaces - 2 options were 
presented. The first option is to control the PM from the LM. In this case we have all the 
3 types of interfaces between LM and PM. Implementing that option means that ESA 
should provide power supply and PM control, and should also be responsible for 
separation command and for the commands to cut cables and waveguide to ïX low-gain 
antenna. 

The second option is to control the PM from the ERV, while the power for PM on-board 
equipment and TCS should be provided by LM EPS. Increasing power capabilities of 
ERV EPS for PM power supply would lead to a significant ERV mass increase, which is 
unacceptable in return mission phase. This approach therefore results into two types of 
interfaces between ERV and PM: Data and RF. These interfaces will provide control of 
the PM and communication with the composite SC. Graphic illustration of the schemes 
described above is shown in Figure 6-5. 
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Figure 6-5:  PM control options  

The second PM control option is preferable from the control logic point of view. On the 
other hand, this option is less preferred because of mass increase and complexity of the 
mechanical separation systems. The great length of cables and waveguides, which are 
connecting ERV and PM, is the reason for mass increase. Another disadvantage appears 
because of the necessity of mechanical cutting cables and waveguide in not one, but in 
two points. This fact generates an additional problem of spacecraft removal from a 
collision with a cut portion of cables and waveguides. 

6.5  Technology Requirements  

Technical readiness level of PM elements are shown in Table 6-3. 

 

Element TRL status 

1 Propulsion system  9 

1.1 Main propulsion engine  9 

1.3 Propellant storage and 
transfer system 

9 

2 Electrical 
powersubsystem  

8 
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Element TRL status 

2.1 Chemical battery 9 

2.2 Energy conversion 
equipment  

8 

3 TCS 8 

4 Separation system  9 

5 Structure  9 

Table 6-3:  PM Elements TRL  
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7 EARTH RETURN VEHICLE  

7.1 Study Assumptions  

During the joint Phobos -SR CDF study the ERV was considered as a newly developed 
product for the mission, largely based on the Phobos-Grunt heritage and on the 
subsequent Boomerang study. The purpose of the ERV is to deliver Phobos samples 
(which are located inside the ERC) to the Earth. It was agreed that the ERC mass shall 
be about 35 kg including margins. During bilateral discu ssions, several design options of 
the ERV were reviewed for the Phobos Sample Return mission. The main drivers that 
have influenced the final result were: 

¶ ERC design (ESA responsibility) 

¶ Number of ERC onboard 

¶ Design of the system to put the samples inside the ERC 

¶ ERV design unification for MSR mission (possibility to deliver ~120 kg ERC from 
Mars orbit to the Earth).  

When considering options for ERC placement on-board ERV, the Russian side, using 
their previous experience, proposed several options which envisaged a separation 
system located in the area of the ERC TPS stagnation point. Moreover, the study 
considered not only options with one ERC onboard, but with several. This is because of 
the high energy capabilities connected with the desire to unify the d esign for MSR 
mission (possibility to deliver ~120 kg ERC from Mars orbit to the Earth). The principle 
scheme of the separation system which is placed in ERC TPS area and the ERV design 
options are shown on Figure 7-1 and Figure 7-2 respectively. 

 

 

Figure 7-1:  Principle scheme of the  ERV/ERC separation system  
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Figure 7-2:  ERV design options with separation system placed in ERC TPS area  

Considered design options include different methods of loading Phobos samples into 
the ERC. Sample loading manipulator for options 2 and 3 is more lightweight and has 
simpler design than its analogue for option 1. Schematic diagram of samples loading 
process is shown on Figure 7-3. 

 

Figure 7-3:  Schematic diagram of the samples loading process  

During the options discussion, it was clarified that European ERC design does not allow 
mechanical impact of the spring-loaded actuator (a part of the separation system) on 
ERC TPS. This fact means that it is impossible to implement design options which are 
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shown above. The decision was to move the ERC separation system under ESA 
responsibility and place it in ERC backshell area. 

This agreed decision led to substantial changes to the design and system configuration 
solutions, namely: 

¶ Changing the structural concept. In earlier design options, the main structure was 
composed of interconnected propellant tanks. The ERC with a cone-type support 
and the separation system was installed on the top of this structure with the 
backshell directed upwards. In the final design, the cone-type support is 
integrated in the main structure. The ERC is now  installed inside and mounted 
in the backshell area. The propulsion system and other onboard equipment are 
mounted on this structure  

¶ Increase of the installation radius of the propellant tanks due to t he main 
structure geometry 

¶ Changing the thrusters configuration, from one large central main engine  to four 
smaller radial engines 

¶ Equipment panels mounting principle modification.  

Final design version would also allow placing the heavy-weight ERC (~120 kg) for MSR 
mission inside ERV. The general view of the final ERV design is shown on Figure 7-4. 

 

Figure 7-4:  General view of the final ERV design  
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7.2  Design  Description  

The ERV is an autonomous SC the main purpose of which is to deliver ERC with 
samples from Phobos to the Earth. ERV has 2 propulsion systems: 

¶ Bipropellant  main propulsion system (NTO/N2H4 ) with pressurised type of 
propellant supply  

¶ Monopropellant  cold gas ACS propulsion system (N2). 

The main propulsion system includes 4 engines with Isp=302s, T=123,5N, 2 NTO tanks 
and 2 N2H4  tanks. The  overall volume of the tanks is V=0.4m3. ACS propulsion system 
includes 16 cold gas thrusters with Isp=72s, T=0,8 N and 2 tanks with overall volume 
V=0,05 m3 to provide orientation and stabilisation of the  ERV and also for the 
pressurisation of the main propulsion system tanks. The final decision on the 
architecture  and the characteristics of the propulsion system could be refined after 
more detailed analysis. On-board equipment panels with ACS and X-band transceiver 
are placed on ±Y axes. The EPS of the ERV includes the battery and the solar panel, 
which is oriented on +X. The main structural element of the ERV is a cone-type support 
with the ERC installed inside. As written above, the propulsion system and other on-
board equipment are mounted on this structure.  

The dry mass of the ERV is about 220 kg, propellant mass ~230 kg. Total mass of the 
ERV is 450 kg. Propellant tanks with joint volume V=0.4m 3 allows potential filling of up 
to ~450kg of propellant, which would be required in the MSR case (Figure 7-5). 

 

Figure 7-5:  Unified cone -type support fo r heavy -weight ERC placement  

To provide power supply for the ERV on-board equipment, it is proposed to use its own 
EPS on all mission phases, but it will be more preferable to have some additional power 
from LM for risk reduction in case of emergency.  
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According to NPOL assumptions, maximum level of power consumption by ERV on-
board equipment shall not be more than 150 Watt. 

7.3  Options  

Combined propulsion system (N2H4/ NTO+ N2) might be replaced with a single 
bipropellant  type propulsion system (N2H4/ NTO) to increase reliability, decrease mass 
and unify the propulsion system with systems which have been already manufactured 
and tested. 

7.4  Interface Requirements  

During the joint CDF study, it was agreed that the Parties shall have as few electrical 
and data interfaces between SC modules as possible. As for  the ERV EPS, it  is necessary 
to provide solar orientation  before landing  on Phobos to charge the ERV battery using 
the ERV solar array before landing  on Phobos. 

Regarding the mechanical interfaces between the SC modules, the Parties have agreed 
on preliminary mounting dimensions and also on responsibility sharing scenario for the 
adapters and separation systems. The adapter and the separation system between LM 
and ERV are under ROSCOSMOS responsibility, the general view of the adapter and its 
mounting dimensions are shown in Figure 7-6. 

 

Figure 7-6:  Proposal for LM/ERV adapter  

The adapter with the separation system between ERV and ERC is under ESA 
responsibility, but the command for separation shall be sent from ERV OBC, which is 
under ROSCOSMOS responsibility. The general scheme of ERV/ERC adapter placement 
is shown in Figure 7-7. 
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Figure 7-7:  Proposal for ERV/ERC placement  

7.5  Technology Requirements  

Technology readiness level of ERV systems and its components are shown in Table 7-1. 

 

System TRL status 

Propulsion system 

1 Propulsion system  7 

1.1 Main propulsion engines  8 

1.2 ACS propulsion engines 8 

1.3 Propellant storage and 
transfer system  

7 

1.4 Gas storage and transfer 
system for pressurising and 
providing orientation and 
stabili sation  

7 

Power supply system 

2 Power supply system  5 

2.1 Storage battery 5 

2.2 Solar panel 5 

2.3 Power conditioning unit  5 

Onboard Control Complex 

3 OCC 7 
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System TRL status 

3.1 OBC 8 

3.2 IMU  6 

3.3 Star tracker 9 

3.4 Solar sensor 9 

3.5 Control Unit  7 

3.6 Control algorithms , software 5 

4 X -band transceiver  6 

5 TCS 7 

6 Separation systems  9 

7 Structure  4 

Table 7-1:  ERV systems and components TRL  
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8  SYSTEM  

8.1  System Requirements and Design Drivers  

The mission and system requirements were defined in advance of the Phobos Sample 
Return CDF study in agreement with the customer (D-SRE) and the Russian partners. 
Note that the system requirements were established for the propulsion module, the 
landing module, the Earth return vehicle, the Earth re -entry capsule as well as the 
complete composite and are indicated as PM, LM, EV, ER, and CO respectively. 

 

Mission Requirements 

Req. ID STATEMENT 

MI - 010 The mission shall return approximately 100g of loose material from the surface of Phobos 

MI - 020 
The mission shall perform a series of science measurements of Deimos and Phobos using 
the payload as defined in chapter 5. 

MI - 030 
The mission shall be compatible with the science requirements defined in chapter 3.2, and 
with additional science objectives (following ESA/IKI discussions) defined in chapters 3.2 and 
5. 

MI - 040 

The mission shall be designed for a launch in 2024 as a baseline, with 2026 as back up 

C1: any type of transfer identified by mission analyses in this timeframe shall be checked 

C2: the requirement implies that the composite design shall be compliant with both the 
baseline and backup launch dates 

C3: mission compatibility with 2022 and 2028 launch dates shall also be checked for 
information 

MI - 050 

The mission shall be launched by Proton-M from Baikonur in a direct escape trajectory. 

C: the possible interest of an injection in an intermediate Earth orbit followed by a set of 
manoeuvres performed by the PM for escaping Earth, shall be checked 

MI - 060 The launch windows and transfers characteristics shall be as per chapter 4 of this report. 

MI - 070 

At Mars arrival, the mission shall perform a series of manoeuvres, as per chapter 4 of this 
report, in order: 

- First to allow for Deimos characterisation with the science payload, by reaching a 

QSO around Deimos 

- Then to reach its operational orbit (QSO) around Phobos 

C: in case of non-compliance with the launch mass, fly-by around Deimos instead of QSO 
may be considered 

MI - 080 

The Phobos science characterisation measurements shall be performed from three types of 
orbits: 

- A trailing orbit, at the end of the phasing phase, when the spacecraft is on an almost-

Phobos-orbit and is getting closer to Phobos 

- A Quasi Satellite Orbit around Phobos, also called operational orbit, during which a 

pre-selection of landing sites is performed 

- Fly-bys orbits over the pre-selected sites for finalising the landing site selection 

C: The Deimos observation strategy shall be less exhaustive than for Phobos, and will be 
defined during the study 
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Mission Requirements 

Req. ID STATEMENT 

MI - 090 

Contextual science information from the selected landing site shall be provided to the ground 
using: 

- Possibly images taken during the final descent to Phobos (the navigation camera 

may be used for this purpose) 

- Images of the sampling area taken once landed, from the dedicated context cameras 

described in Table 5-1 

MI - 100 
The trailing orbit shall place the spacecraft in a range of TBD to TBD km behind or ahead of 
Phobos 

MI - 110 
The Quasi Satellite Orbit shall have the following characteristics (TBC): 

- Altitude to Phobos between  50 and 100 km 

MI - 120 

The fly-by trajectories shall allow to pass over the potential landing sites at an altitude lower 
than 5 km (TBC), for high resolution science measurements. 

C: the altitude of the fly-bys shall be consolidated considering science payload requirements 
as well as mission constraints 

MI - 130 A minimum of 3 (goal: 5) fly-bys shall be performed. 

MI - 140 
The mission shall allow to access 20% (goal: 50%) of the Phobos surface for the sampling 
operations. 

MI - 150 The mission shall perform a series of manoeuvers for escaping Mars, as per RD[2] 

MI - 160 

The mission design shall be such that operations can take place from a single ground station 
during non-critical phases 

C: For critical phases, the need of more than one ground station shall be justified 

MI - 170 
The total duration of the Phobos far range characterisation phase on the trailing orbit shall be 
<100 days TBC 

MI ï 180 
The total duration of the Phobos medium range characterisation phase on the QSO orbit shall 
be <100 days TBC 

MI - 190 
The total duration of the Phobos close range characterisation phase using a set of fly-bys 
shall be <25 days TBC 

MI - 200 
The mission shall perform a static landing (no touch-and-go) allowing for sampling operations 
with a stationary lander on the Phobos surface (TBC). 

MI - 210 

Once landed, the mission shall stay on the Phobos surface for a duration allowing to perform 
the sampling location selection, the sampling,  transfer and sealing operations, as well as the 
post-sampling science measurements operations 

MI - 220 

The mission shall perform 3 types of surface operations: 

- Sampling point selection and characterisation 

- Sample acquisition and transfer to ERC 

- Post-sampling science measurements 

MI - 230 
The ERV shall lift-off in a safely manner as soon as possible after the sample transfer and 
ERC closing operations have been completed. 

MI - 240 

The mission shall allow for one landing on Phobos 

C: provision for more landings would be delta-v consuming while the proposed landing and 
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Mission Requirements 

Req. ID STATEMENT 

sampling approach provide flexibility for managing sampling operations contingencies 

MI - 250 

The mission shall allow for: 

- One rehearsal of the landing sequence up to a TBD point above the landing site  

- One abort (either autonomous or from ground) of the landing sequence. An autonomous 

collision avoidance procedure shall be implemented 

MI - 260 
Once landed, the mission shall allow the Ground to select the sampling location within the 
sampling tool range 

MI - 270 
The mission shall provide the possibility to the Ground to check that the collected sample is 
suitable before transfer to the ERC 

MI - 280 
The mission should implement on-board automatic procedures to perform contingency 
sampling and lift-off operations in case of communication failures with the ground 

MI - 290 No critical operation shall be performed if the Sun-Earth-Spacecraft angle is lower than 5 deg 

MI - 300 
No standard operation shall be performed if the Sun-Earth-Spacecraft angle is lower than 2 
deg 

MI - 310 

The mission Planetary Protection category shall be: category V, unrestricted Earth return 
(TBC). 

C: This requirement is pending confirmation by COSPAR 

MI - 320 
For the outbound leg and the Mars orbital phase, the Planetary Protection category III 
requirements shall apply. 

MI - 330 
The LM operations duration on the Phobos surface (after  ERV take-off) - to implement 
science measurements (eg USO, DIAMOND, LIBRATION,é.) - will be > TBD 

Table 8-1: Mission requirements  

 

System requirements  

Req. ID STATEMENT 

CO-10 
The difference between the launcher performance and the Composite wet mass including 
adapter shall be positive  

CO-20 The Composite shall be compatible with the Proton launch environment. 

CO-30 

The Composite shall provide single point failure tolerance. Redundancy concepts shall be 
considered to minimise consequences of single point failures 

C: any deviation with respect to this requirement shall be identified and justified 

CO-40 
The lifetime of the Composite shall be compatible with the longest mission duration resulting 
from the mission trajectories selected, including contingencies 

CO-50 
The Composite design shall be compatible with the worst case delta-V among the selected 
mission launch windows and trajectories, including contingencies 

CO-60 In the Composite design, only technologies that can be assumed to be at TRL 5 at the start 
of the mission implementation phase shall be considered when defining the mission 
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System requirements  

Req. ID STATEMENT 

architecture 

CO-70 The Composite design shall be compatible with the Planetary Protection requirements 

CO-80 
Throughout the Composite development phase, the possible contaminants to the sample 
shall be tracked and the parts to be in contact with the sample cleaned such that the 
contamination requirements in RD[4] are fulfilled 

CO-90 
Witness plates shall be used on-ground and in-flight to track possible contaminants to the 
sample 

LM-10 The LM shall carry the ERV + ERC stack 

LM-20 
The LM shall accommodate the payload instruments suite as defined in Table 5-1 and Table 
5-2 and provide proper interfaces. 

LM-30 The Absolute Pointing Error (APE) at instruments interface shall be less than TBD deg 

LM-40 The Relative Pointing Error (RPE) at instruments interface shall be less than TBD deg/s 

LM-50 
Science instruments shall not be used as baseline GNC sensors. 

C: however science camera may be used for Orbit Determination in QSO if properly justified 

LM-60 The LM shall allow the sampling, transfer to ERC and sealing of the sample 

LM-70 

The sampling mechanism shall be placed at the tip of a robotic arm allowing to:   

- reach a a circle  of 1,2 m radius and 170 degrees angle (TBC) 

transfer the sample to the ERC. 

LM-80 
The LM shall provide containment to the sample in order to fulfil the RD[4] contamination 
requirements 

LM-90 The sample containment shall be able to sustain the ERC hard landing environment.  

LM-100 
The science payload and  sampling tool shall allow to fulfil the science requirements as per 
RD[4]  

LM-110 
The LM shall be capable to perform all the required mission manoeuvres from the PM 
separation to the landing on Phobos 

LM-120 

The landing accuracy on Phobos shall be better than 50m (goal, 3-sigma)  

C: In case it is found that this requirement cannot be fulfilled, possible relaxation shall be 
discussed with scientists 

LM-130 

The LM shall be able to land successfully on a terrain having the following characteristics: 

- Slope (with respect to mean terrain horizontal) < 10 deg TBC  

Boulder size < 35 cm (goal 50cm) TBC 

LM-140 

The landing velocities at Phobos shall be as follows: 

- Vertical velocity < 100 cm/s TBC 

Horizontal velocity < 15 cm/s TBC 

LM-150 
The LM attitude excursion at landing with respect to the mean terrain horizontal shall be 
within -5deg and +5deg TBC. 

LM-160 At landing, the LM shall minimise re-bounce. 

LM-170 
At landing the LM shall ensure that no part other than the landing gear shall touch the ground 
(including boulders), with a margin of TBD. 
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System requirements  

Req. ID STATEMENT 

LM-180 

The landing phase shall end by a free-fall without using the thrusters, 

C: the altitude of the free-fall shall be traded at system level considering several criteria such 
as the landing gear sizing, the landing stability, the soil contamination by the thrusters, the 
relative attitude of the spacecraft to the ground, etcé 20m can be taken as starting point. 

LM-190 

For the landing phase the LM GNC system shall perform relative navigation vs Phobos, 
using a dedicated GNC camera and an altimeter. 

C: absolute navigation may be implemented at ground level by introducing a way-point  
before the final descent allowing to check the position of the spacecraft wrt the target site.  

LM-200 
The LM shall ensure the required stability during the sampling operations, using thrusters 
and/or an anchor 

LM-210 The LM shall have its own power, communication and data handling subsystems 

LM-220 
The LM telecommunication systems shall be compatible with the ESA and ROSCOSMOS 
Deep Space Ground Stations 

LM-230 
The LM shall perform all communications in X-band  

C: the antennas strategy is to be defined during the study 

LM-240 
The communication and data handling subsystems shall be able to store and transmit to the 
ground all the necessary housekeeping and science information during all the phases of the 
mission, including contingency modes. 

LM-250 
The communication subsystem shall support the two-way Ranging and Doppler 
measurements of the Spacecraft throughout all mission phases and Delta DOR if high 
recision navigation is required. 

LM-260 

Real-time information shall be provided directly to Earth during the descent to Phobos, 
allowing the monitoring of the major events. 

C: the level of information (carrier only, tones, data) shall be discussed during the study 

EV-10 The ERV shall carry the ERC to Phobos and back to Earth 

EV-20 

The ERV shall provide all necessary resources and interfaces to the ERC. 

C: this concerns in particular the ERC beacon triggering and possibly electrical resources if 
deemed necessary  

EV-30 
The ERV shall be capable to perform all the required mission manoeuvres from lift from 
Phobos to return to Earth, including mid-course corrections 

EV-40 The ERV shall have its own power, communication and data handling subsystems 

EV-50 
The ERV telecommunication systems shall be compatible with the ESA and ROSCOSMOS 
Deep Space Ground Stations 

EV-60 
The ERV shall perform all communications in X-band  

C: the antennas strategy is to be defined during the study 

EV-70 
The communication and data handling subsystems shall be able to store and transmit to the 
ground all the necessary housekeeping and science information during all the phases of the 
mission, including contingency modes. 

EV-80 
The communication subsystem shall support the two-way Ranging and Doppler 
measurements of the Spacecraft throughout all mission phases and Delta DOR if high 
precision navigation is required. 
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System requirements  

Req. ID STATEMENT 

EV-90 

The ERV shall release the ERC in a hyperbolic trajectory at arrival at Earth, with release 
errors lower than TBD, and with a spin rate of TBD for stabilisation purpose. 

C: time of release before re-entry to be determined at system level, including necessary 
operations from ground. Typically between 1 to 4h. 

EV-100 The ERV shall perform an Earth avoidance manoeuver after the ERC release (TBC). 

PM-10 The PM shall carry the LM from beginning of mission to PM separation 

PM-20 
The PM shall be capable to perform all the required mission manoeuvres from beginning of 
mission to PM separation 

PM-30 The PM shall be commanded by the LM, and PM power shall be provided by the LM. 

ER-10 
The ERC shall safely land the sample container on Earth such that the sealing integrity is 
preserved 

ER-20 
The ERC design shall be compatible with the Earth entry conditions of the return legs 
selected from RD[2] 

ER-30 The ERC shall perform a fully passive re-entry. 

ER-40 
The ERC should perform a night re-entry 

C: for helping the optical tracking and the sample temperature containment 

ER-50 The ERC shall be spun by the Spacecraft at separation for stabilisation with a TBD spin rate 

ER-60 The ERC landing site shall be in Kazakhstan (TBC) 

ER-70 
The ERC shall allow a recovery time of the sample container on Earth surface within 4 hours 
TBC 

ER-80 The ERC design shall be such that it can be tracked from ground during descent 

ER-90 
The ERC design shall provide the capabilities for an RF beacon for 4 hours after landing 
(TBC) 

ER-100 
The ERC design shall not feature any parachute system and shall perform a free-fall descent 
down to landing 

ER-110 
The ERC design shall be such that the maximum impact deceleration of the sample 
container at ERC landing is < 2000g TBC (goal: 800g) quasi-static load  

ER-120 
The ERC design shall be such that the maximum temperature seen by the sample container 
is < 40°C TBC. 

ER-130 The ERC design shall allow to recover the sample container without damaging the seal 

ER-140 ERC should carry a small capsule (0,1 kg) with biomaterials (without any actions) (TBC) 

Table 8-2: System requirements  

8.2  System Assumptions and Trade -Offs  

In preparation of the Phobos Sample Return CDF study, the cooperating partners have 
agreed on a baseline and a backup split of responsibilities (see Figure 8-1). For both of 
these scenarios, the following assumptions have been made: 

¶ Launch into direct escape trajectory with Proton and Breeze-M from Baikonur  
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¶ Baseline launch date in 2024, backup launch scenario in 2026 

¶ Re-entry of ERC in Kazakhstan and return of approximately 100g loose material 
from Phobos. 

 Baseline  Backup  

 ESA  ROSCOSMOS  ESA  ROSCOSMOS  
Launcher      
Transfer Propulsion 
Module (PM)  

    

Landing Spacecraft 
(LM)  

    

Sampling and 
Transfer Equipment  

 With ROSCOSMOS  
participation  

 With ROSCOSMOS  
participation  

Earth Return Vehicle 
(ERV)  

    

Earth Re -Entry 
Capsule (ERC)  

    

     
Science Instruments      
Launch Ops      
SC Cruise + Landing 
Ops 

    

ERV SC Operations      
Science Operations      
Ground support      
Sample Receiving 
facility  

    

Science exploitation      

Figure 8-1: Baseline and backup  ESA-ROSCOSMOS  cooperation scenarios  

8.2.1  Staging Analysis  

A staging analysis has been performed to identify the optimum split of responsibilities 
among the different elements of the composite, in order to minimise the overall launch 
mass. The constraints hereafter apply in the context of the agreed baseline cooperation 
scenario: 

¶ The ERC (ESA responsibility), with high heritage from past industrial and CDF 
studies, is fixed at 35 kg including margin  

¶ The ERV (RUS responsibility) is inherited from Phobos -Grunt and has a dry mass 
of 220 kg. This module is responsible for the inbound tr ansfer from the surface of 
Phobos and is not an object of the staging analysis. 

¶ The LM (ESA) is a new design which is optimised for this mission 

¶ The PM (RUS) is based on the Fregat upper stage, therefore its dry mass is 
roughly fixed and its propellant load is object of the optimisation. The maximum 
propellant capacity is 5000 kg.  

The following figure shows the different staging options analysed, focusing mainly on 
the outbound transfer. Four main manoeuvres have been retained for this analysis and 
detailed in section 8.5.2.1: MOI (Mars Orbit Insertion), TOA 1 & 2 (Target Orbit 
Acquisition) at Deimos and the Deimos-Phobos transfer  
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Figure 8-2:  Staging options analysed  

As shown before, four options have been identified: 

¶ Option 1 A large Landing Module responsible for all the outbound delta -v and 
no PM: This option resulted in a theoretical mass optimum (because the LM 
would be optimised on the exact delta-v) but would imply a very large LM at the 
boundaries of feasibility. In addition this solution would not respect the agreed 
cooperation scenario. Option discarded  

¶ Option 2 LM responsible for D&L and for the RCS of the overall composite: This 
implies that all the main delta -v are provided with the Russian PM, and allows to 
simplif y the LM propulsion architecture as no high delta V manoeuvres are 
needed. This option is proved to be feasible but could be seen as a limit sub-case 
of option 4 and is therefore merged with it. Option treated as sub-case of option 
4 

¶ Option 3 Simplified LM with no propulsion s/s. RCS and D&L provided by the 
ERV: This option imp lies a significant oversize of the ERV which - with the 
current design - does not have the sufficient control authority for the overall 
composite, especially in the early mission phases. Option discarded  

¶ Option 4 PM detached before reaching Phobos, LM responsible for RCS and 
remaining manoeuvres: This option is the most promising as it is possible to use 
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the existing PM based on Fregat design with minimum design update, as well as 
sizing appropriately the LM to control the whole composite. Many sub -options 
are possible and more detailed analyses are required. Option baselined for 
further analysis  

8.2.1.1  Option 4 detailed staging analysis  

A staging analysis has been performed for option 4, to identify the ideal split of 
manoeuvres for the outbound transfer between LM and PM. For the LM both a 
bipropellant and a monopropellant approach have been considered. The results are 
summari sed in Table 8-3 (results are in the form of ratio  to maximum launch mass). 

 

Table 8-3:  Option 4 sub -staging scenarios  

This preliminary analysis shows that all the options are feasible if considering a 
bipropellant propulsion subsystem on the lander (with a  preference for jettisoning the 
PM as soon as possible) while for the monopropellant (hydrazine) configuration the 
only feasible option seems to be the option 4D (i.e. jettisoning the PM at Phobos). 

Despite an overall mass penalty, this solution presents significant advantages: 

¶ Simpler propulsion subsystem 

¶ Compact LM (good for stability on Phobos) 

¶ Lower contamination risk for the sampling area  

¶ Maximum exploitation of the PM.  

Č Scenario 4D with Hydrazine is selected as mission baseline and further analysed  

8.3  Mission System Architecture  

The Phobos Sample Return mission consists of four elements: the propulsion module 
(PM), the landing module (LM), the Earth return vehicle (ERV), and the Earth re-entry 
capsule (ERC). 

In the baseline mission scenario the followin g mission phases are foreseen: 

¶ Launch and Direct Escape 

¶ Transfer Earth -Mars 

¶ Transfer to Deimos 

¶ Deimos Close Proximity Phase 

¶ Deimos-Phobos Transfer 

¶ Phobos Close Proximity Phase 

¶ Descent and Landing Phase 

¶ Surface Operations Phase 

¶ Ascent Phase 

MOI TOA-1 Deimos TOA-2 Deimos Deimos-Phobos Total Stack Mass Total Stack Mass

Delta-V [m/s] 510 963 293 410 840 LM Biprop LM Hydrazine

Scenario 4A LM PM LM LM LM 0.87 1.12

Scenario 4B LM PM PM LM LM 0.88 1.07

Scenario 4C LM PM PM PM LM 0.89 1.02

Scenario 4D LM PM PM PM PM 0.93 0.94

High Trust Engine ManeuversLow-Thrust 

manoeuvers
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¶ Departure Phase 

¶ Transfer Mars-Earth  

¶ Re-entry Phase. 

These mission phases are also illustrated in Figure 8-3. As an alternative to this mission 
scenario and if deemed necessary, the transfer to and stay at Deimos can be negotiated 
with respect to mass and/or time savings. These backup scenarios are explained in more 
detail in section 8.3.1. 

 

 

Figure 8-3: Mission Phases  

Based on the mission phases as stated above, the mission timeline has been established 
during the CDF study by analysing short (less than 3 years) and long (less than 5 years) 
mission scenarios for the baseline as well as the backup launch date. 

In Figure 8-4, the different mission scenarios are depicted for a launch in 2024 and 
2026 respectively. It can be seen that to follow a short mission scenario, the time 
allocated for the scientific observations, i.e. QSO around Deimos and Phobos, needs to 
be constrained. However, at this early stage of the project this finding is seen as non-
critical  by the involved science support. Since the mission phase durations were derived 
from previous analyses of the MMSR-A5 and Phootprint studies, the time allocations 
can still  be modified with regard to the scientific needs and mission feasibility. For the 
long mission scenarios, proposed allocations for the observation phase actually exceed 
significantly th e currently envisaged duration. However this could allow for a more 
systematic remote sensing campaign, for instance with an improved coverage at 
different Solar illumination, less dependent on seasons, or with an improved 3D model 
build -up. 

Note: Conjunctions (i.e. when Sun-Mars-Earth angle is below 5 deg) take place in 
January 2026, March 2028 and May 2030 . Therefore for each short mission scenario 
one conjunction was taken into account while for each long mission scenario two 
conjunctions were considered. 

Launch and Direct Escape with 
Proton and Breeze -M

1

Transfer Earth -Mars2

Transfer to Deimos and Deimos
Close Proximity Operations

3

Deimos -Phobos Transfer and 
Release of PM

4

Descent and Landing and 
Surface Operations

5

Ascent by ERV

6

Departure and Transfer Mars -
Earth

7

8

Reentry with ERC9

Phobos Close Proximity 
Operations

1 2
3

4

5

6
7

8
9



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 63 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

 

 

 

Figure 8-4: Missi on timeline depicting short and long mission scenarios for 
baseline and backup  launch dates  

8.3.1  Mission Options  

A main mission alternative had been identified, to further increase the robustness of the 
baseline system design (e.g. to solve possible mass issues in the future) : the de-scope 
(also in later stages) of the Deimos mission i.e. a complete de-scope of the science 
objectives related to Deimos OR a relaxation of them in order to allow the scientific 
observations of Deimos to be held from an intermediate elliptical orbit during the 
Phobos TOA phase, phased with Deimos.  In this way it would be possible to minimise 
the required delta-v for the mission, at the expense of less exhaustive Deimos 
characterisation..  

The mass saving in terms of propellant is obvious and will be detailed in section 8.5.4. 
The main advantage of this alternative is that it is an option that can be selected up to 
very late stages of the project. In fact even when the design of the overall composite will 
be finalised, in case mass problem would arise, it will be necessary only to update the 

Earth Departure Date 22/09/2024 12/10/2024 21/10/2026 10/11/2026
Arrival window size [d]

Retained Mars Arrival Date (Worst case)
R2026S R2028S R2028S R2030S1

03/08/2026 06/09/2028 06/09/2028 09/11/2030

Available days (latest Mars arrival) 328 1093 363 1157

Mars Orbit Insertion 2 2 2 2

Target Orbit Acquisition (Deimos) 28 28 28 28

QSO around Deimos 25 300 40 365

Transfer to Phobos orbit 5 5 5 5

Trailing Orbit ahead of Phobos 20 100 40 100

QSO around Phobos 100 365 100 365

Fly-bys over selected landing site 25 25 25 25

Landing operations 14 14 14 14

Surface operations: sample point selection 3 3 3 3

Surface operations: sample acquisition & transfer 3 3 3 3

Ascent 2 2 2 2

Departure orbit acquisition 28 28 28 28

Trans Earth injection 2 2 2 2

Sun-Earth conjunction (operations not possible) 50 100 50 100

Margin w.r.t. departure transfer date 21 116 21 115

Arrival to Earth 19/06/2027 11/08/2029 11/08/2029 22/09/2031

Total Mission duration [d] (Worst case=LPO launch) 1000 1764 1025 1777
Total Mission duration [years] 2.7 4.8 2.8 4.9

Mars Departure date to Earth

Launch 2024 Launch 2026

18 5

09/09/2025 09/09/2027
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mission operations concept and load a lower quantity of propellant in the tanks of the 
LM and PM, without any impact on the design of the modules. 

8.4  System Modes  

For the purpose of this study, the focus was put on the sizing modes needed to establish 
the power budget. Hence, the following system modes were derived: 

#  Name  Description  

1 Launch Mode 
From lift -off to separation. Battery is fully charged. All subsystems 
are switched off, except for essential equipment. 

2 

Global 
Characterisation 
Phase (GCP) ï Sun 
Mode 

All subsystems are switched on (incl. navigation equipment, Tx and 
Rx), all scientific instruments are on but no thrusting. Spacecraft 
composite is illuminated by the Sun. Around Deimos PM is 
attached draining 300 W. Around Phobos PM is detached. 

3 

Global 
Characterisation 
Phase (GCP) ï 
Eclipse Mode 

All subsystems are switched on (incl. navigation equipment, Tx and 
Rx), few scientific instruments are on  but no thrusting . Spacecraft 
composite is not illuminated by the Sun , therefore running on 
batteries. Around Deimos PM is attached draining 300 W. Aro und 
Phobos PM is detached. ERV is consuming 150W from its battery . 

4 

Local 
Characterisation 
Phase (LCP) ï Sun 
Mode 

All subsystems are switched on (incl. navigation equipment, Tx and 
Rx, and thrusting), all scientific instruments are on. Spacecraft 
composite is illuminated by the Sun. Around Deimos PM is 
attached draining 300 W. Around Phobos PM is detached. 

5 

Local 
Characterisation 
Phase (LCP) ï 
Eclipse Mode 

All subsystems are switched on (incl. navigation equipment, Tx and 
Rx, and thrusting ), few scientific instruments are on . Spacecraft 
composite is not illuminated by the Sun, therefore running on 
batteries. Around Deimos PM is attached draining 300 W. Around 
Phobos PM is detached. ERV is consuming 150W from its battery . 

6 Descent Mode 
All subsystems are switched on (incl. complete AOCS suite, Tx and 
Rx). All scientific instruments are off. Split in power supply: two 
hours on solar array and one hour on batteries. 

7 
Surface Tx Earth 
Mode 

Essential subsystems are switched on (no AOCS and propulsion but 
Tx continuously at full power), all scientific instruments are off. 
Spacecraft is on Phobos and illuminated by the Sun. 

8 
Surface Standby 
Night Mode  

All subsystems are switched off, except for essential equipment (no 
Tx). All scientific instruments are switched off. Spacecraft is in the 
dark on Phobos, running on batteries. ERV is consuming 150 W 
from its battery . 

9 
Surface Day 
Operations Mode 

All subsystems are switched off, except for essential equipment (no 
Tx). Cameras for surface operations and the sampling chain are 
switched on. Spacecraft is on Phobos and illuminated by the Sun.  

10 Safe Mode 

Hibernation and Failure Recovery mode: In struments are put on 
standby or switched off. Non-essential functions are halted. TM/TC 
access to DHS is guaranteed to enable failure detection. Emergency 
Sun acquisition manoeuvre (not when landed) . 
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8.5  System Baseline Design  

The baseline design presented in the following sections is based, as anticipated, on 4 
modules with a pre-agreed split of responsibilities between ESA and Russia. It is based 
on a decentralized architecture with maximum independence and interfaces as simple 
as possible between the Russian and the European modules. 

The PM has no DHS and is controlled by the ESA LM, which provides also attitude 
control to the overall composite down to Phobos surface, and will be the module 
carrying the payloads for the scientific observations and the sampling chain for the 
sample collection and transfer in the ERC when on Phobos. The ERV will take-off from 
the surface and bring the ERC back to Earth where it will release it for re-entry. The LM 
instead, after ERV take-off, will remain active on the Phobos surface to continue the 
data downlink and possibly extend the science phase. 

8.5.1  Overview  

 

Figure 8-5 :   Phobos Sample R eturn  spacecraft  composite  

 

Composite Main Characteristics  

Mass (inc. Margin)  
Dry Mass: 1694 kg 
Science Instruments Mass: 38.4 kg  
Max Propellant Mass: 3377 kg (launch 2026)  

S/C Main Components  

- ERC (Earth Re-entry Capsule) 
- ERV (Earth Return Vehicle)  
- LM incl. science P/L (Lander Module)  
- PM (Propulsion  Module ) 

Table 8-4: Composite main characteristics  
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8.5.1.1  Earth Re -entry Capsule  
Earth Re -entry Capsule  Description  

Trajectory  

Landing location  Kazakhstan 

 

Entry velocity  
12.3 km/s (relative entry 
velocity - worst case 
retrograde) 

FPA -9.8  deg (nominal)  
Mass  35 kg (incl. margin)  

Shape 
Scaled from Hayabusa 45°  half cone front shield  
Main Diameter  0.75 m 

TPS 

FS: ASTERM  
BS: Norcoat Liege 
Heat load Max: ¬ 221 MJ/m 2   (w. margin)  
Heat Flux Max: ¬ 15 MW/m 2   (w. margin)  

EDLS None  (no parachute) 

Structure 
Load bearing 
Crushable materials to limit loads on sample 

Mechanisms 
Sample container 
Spin Separation device remaining on ERC 

GNC None (uncontrolled re -entry)  

Communications  
High g-load resistant recovery beacon based on 
aviation ELT or alternative  

DHS None 

Table 8-5:  Earth Re-entry Capsule  main characteristics  

8.5.1.2  Earth Return Vehicle  

Earth Return Vehicle Characteristics  

AOCS/GNC 
Sensors 

Star Trackers 

 

Sun Sensors  
IMU  

RCS 16 x 0.8N Thrusters, cold gas 

Propulsion  
Bipropellant  system, NTO/N2H4  
Main Engine: 4 x 123.5N  
Tanks: 4 fuel + 2 pressurant 

Power 

SA Body mounted  

Battery 
1 x Lithium Ion  
BoL energy: 616 Wh 

On-board 
voltage 

27±1.35V 

Communications  
All X -Band system 
2 omni -directional  antennas 

Thermal  MLI, heating lines, heaters 
DHS OBC 

Mechanism 

ERC spin separation device (SED TRP) 

ERV separation remaining on ERV 
Cable cutters 

ERC ring hinge 

ERC hold down 

Structure 
Structural tanks + central cone for ERC 
accommodation 

Table 8-6:  Earth Return Vehicle  main characteristics  
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8.5.1.3  Landing Module  
Lander Characteristics  

AOCS 

D&L Autonomous relative navigation  

 
 

 
 
 
 
 
 
 

 
 
 

 

Sensors 

2 x Star Tracker (AASTR) 
2 x European IMU (Astrix 1090 
+ QA3000)  
Wide Angle Cameras (2 OH) + 
(1EU), FoV: 53° 
2 x Coarse Sun Sensor (TNO) 
2 x Radar Altimeter  

Actuator  
4 x Reaction wheels (RSI 12/75-
60)  
16 / 24 x 20N thrusters   

Propulsion  

Monopropellant system (Hydrazine)  
Main engine: 1 x 1.1kN HTAE 

Tanks 
4 x Eurostar 2000 based, with 
1801kg propellant 

Power 

SA 

5 x deployable wings 
Solar cells: 30% 3J GaAs 
Total area: 10.8 m2 
1.2 kW (EOL Mars Orbit)  

Battery 
1 x Lithium Ion  
BoL energy: 2600  Wh 

Bus 28V MPPT regulated bus 

Communications  

All X -Band system 
1 x steerable HGA 
3 x fixed LGA for 4ɸ coverage 
2 x TWT  Power: 65W 
2 x optional LGAs on PM 

Thermal  
MLI, heating lines, Black Paint, SSM, 
insulating Stand -Offs 
No heat pipes 

Mechanism 

Sample 

1 x Robotic arm incl. gripper 

4 x landing legs 

Sampling and containment tool  
(Rotary brushes)  

Support 

SA HDRM 

HGA pointing mechanism  

HGA pointing electronics  

HGA resettable HDRM (RUAG)  

Robotic arm HDRM  

ERV separation device 

ERV ejection springs 

DHS OBC + MM based on LEON-FT 

Structure 

Octagonal structure with CFRP and Al-Al 
panels. Corner beams transferring the load 
from the 8 PM hard points; top and bottom 
covers 

Table 8-7:  Landing Module main characteristics  

  



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 68 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

8.5.1.4  Propulsion Module  

 

Propulsion Modul e Characteristics  

AOCS None (Controlled by LM)  

 

Propulsion  
Bipropellant  system N2H2/NTO  
Main engine: 20 kN  
Tanks: 6 spherical 

Power 
Chemical battery for propulsion power 
supply 

Communications  X-band antenna (Optional  control by LM)  
Thermal  MLI, heaters  
DHS None 
Structure Structural tanks  

Table 8-8 :  Propulsion Module main characteristics  

8.5.2  Budgets  

Throughout the Phobos Sample Return CDF study delta-v and mass budgets have been 
analysed on different levels. In the subsections hereafter, these budgets are presented 
for the baseline as well as the backup launch date. Furthermore, the mass budget is also 
depicted for the baseline and backup cooperation scenario. 

8.5.2.1  Delta V budget  

The delta-v budget has been analysed for potential outbound transfers between 2022 
and 2028 and the corresponding inbound transfers between 2026 and 2032. The 
resulting baseline and backup scenarios are depicted in Table 8-9 and Table 8-10. 

For inbound as well as outbound transfers, the delta-v for the high thrust manoeuvres 
was provided by Mission Analysis while the low thrust manoeuvres are based on 
analyses that were conducted during the Phootprint phase A study. Latter contributes to 
sufficiently mature assumptions which were slightly adapted for th is CDF study. On top 
of the provided delta-v, a 5% margin was applied to the high thrust manoeuvres and to 
the low thrust manoeuvres related to orbit change, while 100% margin was applied to 
AOCS manoeuvres as commonly applied in CDF studies (e.g. attitude control and RW 
offloading).  
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Table 8-9: Delta -v budgets for baseline and backup  outbound transfer  

The following influencing factors led to the delta -v budgets for the outbound transfer:  

¶ No deep space manoeuvre is required during the transfer from Earth to Mars  

¶ Around Deimos and Phobos the spacecraft composite enters into a quasi satellite 
orbit (QSO) 

¶ Neither high latitude observations nor fly -bys are required around Deimos 

¶ A movement from QSO to a safe orbit is foreseen during Sun-Earth conjunctions. 
Considering the assumed timeline this will happen only during the Phobos QSO, 
for a period of about 50 days. 

¶ A Hohmann transfer is followed to transfer the spacecraft composite from 
Deimos to Phobos 

¶ For the landin g approach, a direct landing is assumed with the thrusters being 45 
degrees tilted (the corresponding efficiency factor is included in the presented 
figures). The delta-v for landing includes an allocation for rehearsal and a second 
landing attempt  

Outbound Transfers

Launch Date 12/10/2024 10/11/2026

Arrival Date (before MOI) 09/09/2025 09/09/2027

Mission 

Phases
Manoeuvre Engine

DV

[m/s]

Margin

[%]

Total DV 

[m/s]

DV

[m/s]

Margin

[%]

Total DV 

[m/s]

After Launch Corrections Low Thrust 10.00 5.00 10.50 10.00 5.00 10.50

Deep Space Manoeuvre High Thrust 0.00 5.00 0.00 0.00 5.00 0.00

Correction when approaching Mars Low Thrust 20.00 5.00 21.00 20.00 5.00 21.00

Offset targeting Low Thrust 40.00 5.00 42.00 40.00 5.00 42.00

Total Delta-V TEM w/o GL 73.50 73.50

MOI impulsive High Thrust 823.00 5.00 864.15 917.00 5.00 962.85

TOA-1 High Thrust 262.00 5.00 275.10 279.00 5.00 292.95

TOA-2 High Thrust 380.00 5.00 399.00 391.00 5.00 410.55

Total Delta-V w/o GL 1538.25 1666.35

Safe Mode Low Thrust 1.00 100.00 2.00 1.00 100.00 2.00

Attitude Control Low Thrust 2.00 100.00 4.00 2.00 100.00 4.00

Trailing -> Heading Orbit Low Thrust 6.00 5.00 6.30 6.00 5.00 6.30

QSO Low Thrust 20.00 5.00 21.00 20.00 5.00 21.00

Station Keeping Low Thrust 6.00 5.00 6.30 6.00 5.00 6.30

RW Off-loading Low Thrust 2.00 100.00 4.00 2.00 100.00 4.00

Provision for tilted thrusters Low Thrust 8.25 5.00 8.66 8.25 5.00 8.66

Total Delta-V PCP 52.26 52.26

Hohmann Transfer High Thrust 800.00 5.00 840.00 800.00 5.00 840.00

Total Delta-V DPT w/o GL 840.00 840.00

Safe Mode Low Thrust 1.00 100.00 2.00 1.00 100.00 2.00

Attitude Control Low Thrust 2.00 100.00 4.00 2.00 100.00 4.00

Trailing -> Heading Orbit Low Thrust 6.00 5.00 6.30 6.00 5.00 6.30

QSO Low Thrust 20.00 5.00 21.00 20.00 5.00 21.00

High Latitude Observation Low Thrust 35.00 5.00 36.75 35.00 5.00 36.75

Movement to Safe Orbit Low Thrust 20.00 5.00 21.00 20.00 5.00 21.00

Station Keeping Low Thrust 12.00 5.00 12.60 12.00 5.00 12.60

RW Off-loading Low Thrust 2.00 100.00 4.00 2.00 100.00 4.00

Fly-bys (3) Low Thrust 40.00 5.00 42.00 40.00 5.00 42.00

Provision for tilted thrusters Low Thrust 33.50 5.00 35.18 33.50 5.00 35.18

Total Delta-V PCP 184.83 184.83

Direct landing, thrusters 45° tilted Low Thrust 150.00 10.00 165.00 150.00 10.00 165.00

Total Delta-V D&L 165.00 165.00

Sampling / Hold-down Force (*) Low Thrust 0.00 0.00

Total Delta-V Surface (*) 0.00 0.00

2854 2982

Deimos-Phobos 

Transfer

P24S, LPC

Transfer Earth-

Mars (TEM)

Transfer to 

Deimos

Deimos Close 

Proximity

P26S, LPC

Total Delta-V Deimos + Phobos with GL

Phobos Close 

Proximity

Descent and 

Landing

Surface
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¶ An efficiency reduction of 25 % is assumed due to the 45 degree tilt of the 
thrusters for all the manoeuvres not related to attitude control , e.g. for the 
Deimos and Phobos proximity phases 

¶ There is no delta-v allocated for the hold-down force during sampling but the 
required propellant mass is accounted for in the propellant budget in section 14.3 

¶ Gravity losses are included in the margin taking into account that the Russian 
propulsion module features a 20 kN engine. 

For the inbound transfer, the assumptions as stated below were the main drivers for the 
delta-v budget: 

¶ The ascent of the ERV together with the ERC is initiated by springs. The ejection 
is followed by an ascent manoeuvre for which a delta-v of 20 m/s plus 20% 
margin is assumed 

¶ For the TEI impulsive manoeuvre, gravity losses are explicitly accounted for as 
being 1% of the corresponding high thrust manoeuvre 

¶ For a potential Earth gravity assist (EGA) a delta-v of 15 m/s plus 5% margin is 
assumed but would need to be discussed in a follow-up study in coordination 
with the responsible party on the Russian side for the purpose of the heading 
angle. Such an EGA would allow to choose the re-entry heading angle with almost 
no impact on delta-v. 

 

 

Table 8-10: Delta -v budget for baseline and backup  inbound transfers depending 
on the launch date  

8.5.2.2  Element ma ss budgets  

The mass budget for the landing module is depicted in Table 8-11. 

Inbound Transfers

Mars Escape Date 03/08/2026 06/09/2028 09/11/2030

Earth Arrival Date 19/06/2027 11/08/2029 22/09/2031

Duration 320 339 317

Mission 

Phases
Manoeuvre Engine

DV

[m/s]

Margin

[%]

Total DV

[m/s]

DV

[m/s]

Margin

[%]

Total DV

[m/s]

DV

[m/s]

Margin

[%]

Total DV

[m/s]

Ascent Low Thrust 20.00 20.00 24.00 20.00 20.00 24.00 20.00 20.00 24.00

Re-orbitation to stable orbit pre DOA Low Thrust 10.00 5.00 10.50 10.00 5.00 10.50 10.00 5.00 10.50

Total Ascent 34.50 34.50 34.50

DOA 1 High Thrust 743.00 5.00 780.15 743.00 5.00 780.15 743.00 5.00 780.15

DOA 2 High Thrust 93.00 5.00 97.65 90.00 5.00 94.50 99.00 5.00 103.95

TEI impulsive High Thrust 799.00 5.00 838.95 704.00 5.00 739.20 636.00 5.00 667.80

TEI impulsive GL 7.99 5.00 8.39 7.04 5.00 7.39 6.36 5.00 6.68

Total Departure w/o GL 1716.75 1613.85 1551.90

Total Departure with GL 1725.14 1621.24 1558.58

Departure Navigation High Thrust 20.00 5.00 21.00 20.00 5.00 21.00 20.00 5.00 21.00

DSM High Thrust 0.00 5.00 0.00 0.00 5.00 0.00 0.00 5.00 0.00

Approach Navigation High Thrust 10.00 5.00 10.50 10.00 5.00 10.50 10.00 5.00 10.50

EGA (TBC) High Thrust 15.00 5.00 15.75 15.00 5.00 15.75 15.00 5.00 15.75

Earth Re-entry Trajectory High Thrust 15.00 5.00 15.75 15.00 5.00 15.75 15.00 5.00 15.75

Solar Orbit Acquisition High Thrust 10.00 5.00 10.50 10.00 5.00 10.50 10.00 5.00 10.50

Total Delta-V TME w/o GL 73.50 73.50 73.50

Total Delta-V TME with GL 73.50 73.50 73.50

1825 1722 1660

1833 1729 1667

Launch 2024 (P24S, LPC) Baseline Backup

Launch 2026 (P26S, LPC) Baseline Backup

Total Delta-V High Thrust Engine 1790 1687 1625

R2030S1

Ascent

R2026S R2028S

Departure (DOA 

& TEI)

Transfer Mars-

Earth

Total Delta-V w/o GL

Total Delta-V with GL
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Table 8-11: Mass budget for Landing Module  

8.5.2.3  Composite mass budget  

The mass budgets for the entire composite assuming a launch in 2026 and 2024 are 
presented in Table 8-12 and Table 8-13 respectively. It can be seen that for either option 
the margin with respect to the target launch mass is above 130 kg. Note that for the ERC 
an allocation of 35 kg including all margins has been used, based on Phootprint studies 
outcome, and that the PM does not consider system margin as being a quasi-direct re-
use of Fregat. 

 

Lander

Without Margin Margin Total % of Total

Dry mass contributions % kg kg

Structure 121.47 kg 18.90 22.95 144.42 24.03

Thermal Control 10.00 kg 20.00 2.00 12.00 2.00

Mechanisms 83.25 kg 13.09 10.90 94.15 15.67

Communications 25.10 kg 7.59 1.91 27.01 4.49

Data Handling 11.00 kg 10.00 1.10 12.10 2.01

GNC 36.30 kg 12.02 4.37 40.67 6.77

Propulsion 93.46 kg 16.88 15.77 109.23 18.18

Power 85.20 kg 15.07 12.84 98.04 16.32

Harness 24.89 kg 0.00 0.00 24.89 4.14

Instruments 32.00 kg 20.00 6.40 38.40 6.39

Total Dry(excl.adapter) 522.66 600.90 kg

System margin (excl.adapter) 20.00 % 120.18 kg

Total Dry with margin (excl.adapter) 721.08 kg
Propellant 519.00 kg N.A. N.A. 519.00 41.85

Total wet mass (excl.adapter) 1240.08 kg
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Table 8-12: Mass budget for composite assuming launch in 2026  

 

Table 8-13: Mass budget for composite assuming launch in 2024  

Phobos Sample Return Composite - Baseline Option - Launch 2026

Mass w/o Margin

[kg]

Margin

[%]

Margin

[kg]

Total Mass

[kg]

Dry mass contributions

Propulsion Module incl I/F PM-LM 674.0 0.0 0.0 674.0

Lander 600.9 20.0 120.2 721.1

Earth Return Vehicle 220.0 20.0 44.0 264.0

Earth Re-entry Capsule 35.0 0.0 0.0 35.0

Total Dry with Margin 1694.1 kg
Wet mass contributions

PM Propellant 2628.0 0.0 0.0 2628.0

LM Propellant 519.0 0.0 0.0 519.0

ERV Propellant 230.0 0.0 0.0 230.0

ERC Propellant N/A N/A - -

Total Wet Mass 5071.1 kg
I/F Breeze - PM 100.0 0.0 0.0 100.0

I/F PM - LM (incl in Dry Mass calculation) N/A N/A - -

I/F LM - ERV (incl. in LM structure mass) N/A N/A - -

Launch mass 5171.1 kg

Target Launch Mass 5302.0 kg

Below Mass Target by: 130.9 kg

Phobos Sample Return Composite - Baseline Option - Launch 2024

Mass w/o Margin

[kg]

Margin

[%]

Margin

[kg]

Total Mass

[kg]

Dry mass contributions

Propulsion Module incl I/F PM-LM 674.0 0.0 0.0 674.0

Lander 600.9 20.0 120.2 721.1

Earth Return Vehicle 220.0 20.0 44.0 264.0

Earth Re-entry Capsule 35.0 0.0 0.0 35.0

Total Dry with Margin 1694.1 kg
Wet mass contributions

PM Propellant 2436.0 0.0 0.0 2436.0

LM Propellant 519.0 0.0 0.0 519.0

ERV Propellant 230.0 0.0 0.0 230.0

ERC Propellant N/A N/A - -

Total Wet Mass 4879.1 kg
I/F Breeze - PM 100.0 0.0 0.0 100.0

I/F PM - LM (incl in Dry Mass calculation) N/A N/A - -

I/F LM - ERV (incl. in LM structure mass) N/A N/A - -

Launch mass 4979.1 kg

Target Launch Mass 5130.0 kg

Below Mass Target by: 150.9 kg
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8.5.2.4  Power budget  

The power budget for the Landing Module is depicted in Table 8-14. Only the cases 
which have been found to be sizing for the Power Subsystem are summarised. The 
power required from the LM by the PM is included as well.  

 

Table 8-14: Power budget  

Note that it is assumed that the ERV is self-standing in power during the comp lete 
mission due to the orientation of its panels and the size of its batteries. Only emergency 
power supply is foreseen from the LM to the ERV. This is confirmed in the ERV 
description section. 

8.5.3  Equipment List  

The equipment list for the landing module is p rovided in  Table 8-15. 
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LM 497 984 1001 675 758 696 471 256 322
Lo sse s (LCL, ha rne ss) 15 .1 35 .0 41 .5 28 .8 38 .5 29 .8 18 .1 13 .6 11 .1

O B D H  S /S 36 55 55 55 55 55 35 31 31

EPS S /S 24 21 29 21 29 21 21 21 21

CO MMS S /S 39 158 158 158 158 145 171 0 0

The rm a l S /S 0 115 115 115 115 115 150 150 150

AO CS 0 103 103 108 161 161 0 0 0

MECH AN ISM S /S 0 0 0 0 0 0 0 0 39

PRO PU LSIO N  S /S 3 3 3 45 45 58 0 0 0

PAYLO AD 0 36 36 36 36 0 0 0 18

PM 300 300 300 0 0 0 0 0 0



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 74 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

 

Table 8-15: Equipment list for landing module  

FUNCTIONAL SUBSYSTEM nr Mass (kg) per unit Total Mass (kg) Margin (%) Margin (kg) Mass (kg) with Margin

Structure 121.47 18.90 22.95 144.42

Panel lateral (w/o radiators) 6 3.49 20.93 20.00 4.19 25.12

Panel lateral (w/ radiators) 2 9.75 19.50 20.00 3.90 23.40

Panel top 1 14.83 14.83 20.00 2.97 17.79

Panel bottom 1 14.83 14.83 20.00 2.97 17.79

Strut/connector longitudinal 8 2.11 16.84 20.00 3.37 20.21

IF ring to ERV (octagonal) 1 3.20 3.20 10.00 0.32 3.52

IF ring to PM (octagonal) 1 10.20 10.20 10.00 1.02 11.22

Struts tank (4) 16 0.24 3.84 20.00 0.77 4.61

Fitting tank (1) 4 0.20 0.80 20.00 0.16 0.96

Brackets/connectors 1 13.50 13.50 20.00 2.70 16.20

Adapter top to ERV 1 3.00 3.00 20.00 0.60 3.60

Thermal Control 10.00 20.00 2.00 12.00

Overall_TCS 1 10.00 10.00 20.00 2.00 12.00

Mechanisms 83.25 13.09 10.90 94.15

Landing gears 4 5.60 22.40 20.00 4.48 26.88

Sampling tool 1 4.10 4.10 20.00 0.82 4.92

APM+APME+HDRM 1 12.50 12.50 10.00 1.25 13.75

SA deployment mech. + HDRM 6 5.00 30.00 5.00 1.50 31.50

Robotic arm 1 14.25 14.25 20.00 2.85 17.10

Communications 25.10 7.59 1.91 27.01

Transponder 2 3.50 7.00 5.00 0.35 7.35

LGA 3 0.30 0.90 5.00 0.05 0.95

TWTA 2 2.10 4.20 5.00 0.21 4.41

RFDN 1 3.00 3.00 10.00 0.30 3.30

HGA 1 10.00 10.00 10.00 1.00 11.00

Data Handling 11.00 10.00 1.10 12.10

OBC + MM 1 11.00 11.00 10.00 1.10 12.10

GNC 36.30 12.02 4.37 40.67

AA STR 2 1.50 3.00 20.00 0.60 3.60

European IMU (Astrix1090 + QA3000) 2 3.00 6.00 20.00 1.20 7.20

RW RSI 12/75-60 4 4.80 19.20 5.00 0.96 20.16

Radar Altimeter 2 2.00 4.00 20.00 0.80 4.80

Sun Sensor TNO 2 0.05 0.10 5.00 0.01 0.11

Wide Angle Camera (2OH+1EU) 2 2.00 4.00 20.00 0.80 4.80

Propulsion 93.46 16.88 15.77 109.23

20N thruster 24 0.38 9.12 5.00 0.46 9.58

Propellant tank 4 18.50 74.00 20.00 14.80 88.80

Propellant filter 1 0.30 0.30 5.00 0.02 0.32

Latching valve 2 0.70 1.40 5.00 0.07 1.47

Pressure transducer 3 0.28 0.84 5.00 0.04 0.88

Fill and Drain valve / Vent valve (propellant) 1 0.07 0.07 5.00 0.00 0.07

Fill and Drain valve / Vent valve (pressurant) 4 0.07 0.28 5.00 0.01 0.29

Piping (incl fittings) 1 2.00 2.00 5.00 0.10 2.10

Stand-off 1 2.50 2.50 5.00 0.13 2.63

Mounting screws 1 2.00 2.00 5.00 0.10 2.10

Miscellaneous 1 0.25 0.25 5.00 0.01 0.26

Pressurant 1 0.70 0.70 5.00 0.04 0.74

Power 85.20 15.07 12.84 98.04

Battery 1 25.00 25.00 10.00 2.50 27.50

PCDU 1 17.00 17.00 10.00 1.70 18.70

Solar Array 1 43.20 43.20 20.00 8.64 51.84

Instruments 32.00 20.00 6.40 38.40

WAC 1 2.15 20.00 0.43 2.58

NAC 1 7.00 20.00 1.40 8.40
NAC 1 7.00 7.00 20.00 1.40 8.40

baffle 1 0.00 0.00 5.00 0.00 0.00

CSU 1 3.50 20.00 0.70 4.20

Stereo Cam 1 1.50 20.00 0.30 1.80

CLUPI 1 0.70 20.00 0.14 0.84

IME 0 0.00 0.00 0.00 0.00

VisNIR 1 7.10 20.00 1.42 8.52

midIR 1 6.30 20.00 1.26 7.56

ADRON-RM 1 1.60 20.00 0.32 1.92

DIAMOND 1 1.90 20.00 0.38 2.28

LIBRATION 1 0.25 20.00 0.05 0.30

Propellant 519.00

Element 1 - Lander
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8.5.4  Mission Option Budgets  

As anticipated in section 8.3.1, an assessment of the mass savings in case of de-scoping 
the Deimos mission has been performed. Since the Hohmann transfer from Phobos to 
Deimos is one of the last outbound manoeuvres of the composite, a significant reduction 
of that delta-v would have an immense effect on the overall propellant load, also on the 
LM.  

The following table shows the updated mass budgets for the best saving case scenario, 
i.e. the complete dismissal of the Deimos mission, considering in this case longer 
operations at Phobos somehow equivalent to the ones at Deimos that have been 
descoped. (Meaning that only the complete Hohmann transfer has been removed from 
the delta-v calculation).  

The expected mass saving is more than 1 t leading to launch margins in the order of 20 -
25%.  

 

 

Table 8-16:  Mass budget for baseline composite de -scoping Deimos mission 
(2024)  

 

Phobos Sample Return Composite - Mission Option (No Hohmann) - Launch 2024

Mass w/o Margin

[kg]

Margin

[%]

Margin

[kg]

Total Mass

[kg]

Dry mass contributions

Propulsion Module incl I/F PM-LM 674.0 0.0 0.0 674.0

Lander 600.9 20.0 120.2 721.1

Earth Return Vehicle 220.0 20.0 44.0 264.0

Earth Re-entry Capsule 35.0 0.0 0.0 35.0

Total Dry with Margin 1694.1 kg
Wet mass contributions

PM Propellant 1360.0 0.0 0.0 1360.0

LM Propellant 415.0 0.0 0.0 415.0

ERV Propellant 230.0 0.0 0.0 230.0

ERC Propellant N/A N/A - -

Total Wet Mass 3699.1 kg
I/F Breeze - PM 100.0 0.0 0.0 100.0

I/F PM - LM (incl in Dry Mass calculation) N/A N/A - -

I/F LM - ERV (incl. in LM structure mass) N/A N/A - -

Launch mass 3799.1 kg

Target Launch Mass 5130.0 kg

Below Mass Target by: 1330.9 kg
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Table 8-17:  Mass budget for baseline composite de -scoping Deimos mission (2026)  

8.6  System Options  

The main architecture alternative evaluated during this assessment study is the choice 
of a bipropellant propulsion system  for the landing  module. This would lead to a 
series of advantages: 

¶ Mass saving in the order of 250 kg due to the higher Isp of the bipropellant 
propulsion system (>290s vs 220s of hydrazine) 

¶ Expected smaller propulsion subsystem even though more complex 

¶ Slightly  lower CoG at landing due to smaller tanks to be accommodated inside the 
LM.  

 Nevertheless this option would also present significant drawbacks: 

¶ Phobos soil contamination problems would lead to the need of careful thruster 
accommodation, with possible thrust ineffi ciencies in case it is demonstrated that 
high tilt angles for thrusters are needed. 

¶ Higher complexity of the propulsion subsystem would lead to higher costs (even 
though this must be traded off carefully against the possible need of a new 
development for hydrazine tanks for the baseline) 

¶ Such a deep architecture change has to be implemented in early stages of the 
project to prevent heavy cost and schedule consequences.  

It is therefore recommended to consider this option only in case the need to preserve the 
scientific observation of Deimos is evaluated as highest priority, and pending results of 

Phobos Sample Return Composite - Mission Option (No Hohmann) - Launch 2026

Mass w/o Margin

[kg]

Margin

[%]

Margin

[kg]

Total Mass

[kg]

Dry mass contributions

Propulsion Module incl I/F PM-LM 674.0 0.0 0.0 674.0

Lander 600.9 20.0 120.2 721.1

Earth Return Vehicle 220.0 20.0 44.0 264.0

Earth Re-entry Capsule 35.0 0.0 0.0 35.0

Total Dry with Margin 1694.1 kg
Wet mass contributions

PM Propellant 1505.0 0.0 0.0 1505.0

LM Propellant 415.0 0.0 0.0 415.0

ERV Propellant 230.0 0.0 0.0 230.0

ERC Propellant N/A N/A - -

Total Wet Mass 3844.1 kg
I/F Breeze - PM 100.0 0.0 0.0 100.0

I/F PM - LM (incl in Dry Mass calculation) N/A N/A - -

I/F LM - ERV (incl. in LM structure mass) N/A N/A - -

Launch mass 3944.1 kg

Target Launch Mass 5302.0 kg

Below Mass Target by: 1357.9 kg
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future studies concerning the mass at launch. This system option in fact could guarantee 
the feasibility of the mission with improved launch margins.   

8.7  Backup Coope ration Scenario  

A backup responsibility sharing between ESA and ROSCOSMOS has been assessed with 
the split already presented in Figure 8-1. 

¶ ERC and PM under ESA responsibility  

¶ ERV and LM under Russian responsibility  

 

Figure 8-6:  Backup responsibility sharing (ESA = blue, RUS = red)  

The following assumptions have been considered when dimensioning the backup 
composite design: 

¶ Same ERC as the baseline case 

¶ Same ERV as the baseline case  

¶ Russian LM extensively based on Phobos-Grunt re-use, with the following 
characteristics: 

o Dry mass without system margin: 838.4 kg  

o Maximum propellant capacity: 1060 kg  

o Propellant type: N2H4/NTO  

o Isp: 304 s 

¶ European PM is based on the Phootprint design heritage (TAS-I design), with the 
following characteristics:  

o Dry mass: 469 kg (incl 20% system margin) 

o Propellant type: MMH/ MON 

o Isp: 323 s 

o It has been checked the compatibility of the propellant tank size with the 
propellant budget for this backup scenario  

¶ Adapter PM-LM: 60 kg  

¶ Launcher adapter (Breeze-PM): 115 kg 
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The backup design is presented in the following figure: 

 

  

Figure 8-7 ï View of  the Phootprint backup cooperation scenario composite  
standalone  (Left),  under Proton fairing (Centre) and exploded (Right)  

From the former drawings it is possible to appreciate some main differences between 
the Russian and the European concepts: 

¶ The Russian ERV is based on a 3-footpads concept with a shorter octagonal 
structure and 4 main structural tanks. Only 2 single -panel solar wings are 
envisaged. 

¶ The European PM, based on TAS-I Phootprint design, is based on a main central 
tube structure that support s a large central tank internally and four spherical 
tanks externally (as well as pressurant tanks and RCS thrusters) 

In this case it is important to underline that the interfaces between modules under ESA 
responsibility are provisional (Launcher -PM and PM-LM). Simple conical structures 
have been assumed so far and conservative mass assumptions have been made, but a 
more detailed analysis is recommended in the upcoming phases of the project.   

The mission timeline remains the same as for the baseline, but the high propellant 
capacity of the Russian LM, suggested to investigate a different staging with respect to 
the cooperation baseline, to take maximum advantage of the current design of the 
modules. In particular the chosen scenario in this case is the scenario 4C (i.e. jettisoning 
the PM at the arrival at Deimos, with the LM responsible for the Deimos -Phobos 
transfer)  
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Figure 8-8 :  Staging scenario chosen for the backup cooperation scenario  

The delta-v considered for the outbound transfer is largely based on the same values of 
Table 8-9 with the addition of a provision for gravity losses (about 7%) on the 
manoeuvres performed by the PM. The Russian PM in fact, with its 20 kN engine, has a 
very high thrust -to-mass ratio that reduces gravity losses below 1%.  A European 
development instead, could in the best case envisage the 1000 N HTAE (High Thrust 
Apogee Engine) therefore with this lower T/m ratio the loss contributions go up to 
approximately 7% for those manoeuvres that necessarily need to be performed in one 
single burn, such as the MOI. The TOAs indeed can be achieved through multiple small 
burns therefore the gravity loss effect can be minimised. 

The overall baseline outbound delta-v up to Deimos, taking into account the 
corresponding gravity losses (GLs), on which the PM sizing is based, are then: 

¶ 1734 m/s  for the 2026 launch scenario 

¶ 1598 m/s  for the 2024  launch scenario 

The global delta-v under the responsibility of the LM instead, is 1316 m/s  

The delta-v budget for the inbound case remains unchanged; therefore the overall 
ERC+ERV stack remains the same as the baseline. 

The following tables show the overall mass budget for the backup cooperation scenario, 
computed with the following assumptions:  

¶ Propellant masses have been computed taking into account 1.5 % residuals and 
1% additional losses 

¶ For the ESA PM a 20 % system margin on the dry mass has been applied 

¶ For the Russian LM, as agreed with Lavochkin, given the very high heritage from 
Phobos-Grunt a 10% system margin on the dry mass has been applied. 

It is clear how this scenario would lead to improved  mass margins both in 2024 and 
2026 launch scenario. On the other hand one needs to take these results with more care 
since this option was studied with a lesser level of detail. Of course also in this case the 
mass reduction option presented in section 8.5.4 (de-scoping of Deimos mission) is 
applicable, increasing dramatically the robustness of this backup scenario. 

 

MOI TOA-1 Deimos TOA-2 Deimos Deimos-Phobos

Scenario 4C LM PM PM PM LM

High Trust Engine Maneuvers
Low-Thrust 

manoeuvers
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Table 8-18:  Composite mass budget for backup cooperation scenario (Launch 
2024)  

 

Table 8-19:  Composite mass budget for backup cooperation scenario (Launch 
2026)  

 

Phobos Sample Return Composite - Back-up Option 10% LM Margins Launch 2024

Mass w/o Margin

[kg]

Margin

[%]

Margin

[kg]

Total Mass

[kg]

Dry mass contributions

Propulsion Module 391.0 20.0 78.2 469.2

I/F PM - LM 60.0 0.0 0.0 60.0

Lander 838.4 10.0 83.8 922.2

Earth Return Vehicle 220.0 20.0 44.0 264.0

Earth Re-entry Capsule 35.0 0.0 0.0 35.0

Total Dry with Margin 1750.4 kg
Wet mass contributions

PM Propellant 1848.0 0.0 0.0 1848.0

LM Propellant 886.0 0.0 0.0 886.0

ERV Propellant 230.0 0.0 0.0 230.0

ERC Propellant N/A N/A - -

Total Wet Mass 4714.4 kg
I/F Breeze - PM 115.0 0.0 0.0 115.0

I/F PM - LM (incl in Dry Mass calculation) N/A N/A - -

I/F LM - ERV (incl. in LM structure mass) N/A N/A - -

Launch mass 4829.4 kg

Target Launch Mass 5130.0 kg

Below Mass Target by: 300.6 kg

Phobos Sample Return Composite - Back-up Option 10% LM Margins Launch 2026

Mass w/o Margin

[kg]

Margin

[%]

Margin

[kg]

Total Mass

[kg]

Dry mass contributions

Propulsion Module 391.0 20.0 78.2 469.2

I/F PM - LM 60.0 0.0 0.0 60.0

Lander 838.4 10.0 83.8 922.2

Earth Return Vehicle 220.0 20.0 44.0 264.0

Earth Re-entry Capsule 35.0 0.0 0.0 35.0

Total Dry with Margin 1750.4 kg
Wet mass contributions

PM Propellant 2052.0 0.0 0.0 2052.0

LM Propellant 891.0 0.0 0.0 891.0

ERV Propellant 230.0 0.0 0.0 230.0

ERC Propellant N/A N/A - -

Total Wet Mass 4923.4 kg
I/F Breeze - PM 115.0 0.0 0.0 115.0

I/F PM - LM (incl in Dry Mass calculation) N/A N/A - -

I/F LM - ERV (incl. in LM structure mass) N/A N/A - -

Launch mass 5038.4 kg

Target Launch Mass 5302.0 kg

Below Mass Target by: 263.6 kg
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9  AEROTHERMODYNAMICS  

9.1 Introduction  

This chapter aims at reporting the preliminary aerothermod ynamics assessment 
conducted within the Phobos Sample Return CDF study for the design of the Earth re-
entry capsule. 

The study was performed after two other CDF studies (MMSR and MMSR-A5) both 
assessing the feasibility and the preliminary design of a Phobos Sample Return mission. 
Many aerothermodynamics problems and solutions were carried over from the initial 
studies to the present one. Moreover, also industrial studies followed the initial CDF 
assessment. 

Most of the material presented in the following pages has been directly extracted from 
the reports of the previous activities.  

The work performed can be subdivided in three steps summarised hereafter in three 
different sections:  

¶ Section 9.2 briefly explains the choice of the aeroshell shape from the initial 
trade-off to the selection of its final configuration (Section 9.2.1) concluding with 
a first  aerodynamics characterisation of the chosen shape (Section 9.2.2) 

¶ Section 9.3 contains the sensitivity analysis of the entry phase. Within this 
section 3 degree of freedom trajectory computations have been used to explore 
the variability of few key design quantities as a function of the ballistic coefficient 
and the Flight Path Angle (FPA). Section 9.3.1 will be dedicated to the 
assumptions, free parameters are listed in Section 9.3.2,  constraints in Section 
9.3.3 and finally the results are reported in Section 9.3.4 

¶ Section 9.4 is dedicated to the baseline configuration selection where heat flux 
profiles have been extracted for TPS sizing. 

9.2  Assumptions and Trade -Offs  

9.2.1  Shape Trade -Off  

The Phobos Sample Return capsule will perform  a fully passive entry and descent (no 
supersonic nor subsonic parachute and consequently no shield separation) followed by a 
hard landing to minimise the design complexity and demonstrate the technology for a 
future Mars Sample Return capsule. 

The high re-entry velocity of the mission has driven the design of the capsule to a blunt 
aero shell. Different probe shapes selected for previous (studied) missions are presented 
in Figure 9-1. They can be collected in different categories: sphere cones (with different 
semi-angle ranging from 45 to 70 deg), spheres and spherical sections. 

As per MMSR, the shape trade-off has been made looking at the existing heritage, 
highlighting the commonalities and the main differences of already flown re -entry 
capsules with respect to the present study (see Figure 9-1 for a first visual comparison).  
When choosing the actual shape, the following points have been considered: 
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¶ To limit the comp lexity and reduce risk and costs, the capsule should be fully 
passive (meaning that supersonic and subsonic parachute should be avoided) 

¶ The aeroshell is assumed to produce only drag and no lift  

¶ The capsule shall provide enough volume to accommodate the sample container, 
the crushable foam and the necessary instrumentation 

¶ The capsule shape shall guarantee stability in supersonic, transonic and subsonic 
regime 

¶ The selected shape shall reduce the TPS mass fraction as much as possible 

¶ A close similarity wit h MSR mission would be very beneficial for heritage and 
finally cost reasons. 

  

Figure 9-1: Shapes of (re -) entry capsule   

A comparison of different shape/mission is summari sed in Table 9-1. Here main 
discrepancies with the needs of the Phobos Sample Return have been indicated marking 
the cell in red, while commonalities are marked in green. It is important to pay attent ion 
to the following points:  

¶ Spheres have been used in the past mostly for sub-orbital re -entry (a high penalty 
in TPS mass is expected when entering at higher velocities) 

¶ Spherical sections (like Apollo and ARD) have been controlled, a feature which is 
not affordable within the Phobos Sample Return mission. An exception is FIRE II 
where the capsule was not meant to be (and was not) recovered 

¶ Sphere cones with a half angle of 60 deg (like Stardust and Genesis) made use of 
supersonic parachutes (due to transonic instability) which should be avoided for 
the mission under consideration.  
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It becomes clear from Table 9-1 that, among the considered shapes, the only re-entry 
capsule shape which has no major discrepancies with the needs of the Phobos sample 
Return mission is the one of Hayabusa. 

Consequently, it has been decided to select the shape of Hayabusa as reference for a 
deeper analysis of the mission knowing that a complete characterisation of the capsule 
performance, especially the stability in transonic, will have to be undertaken in the next 
phase. 

 

  

Previous 
mission  

Base 
diameter 

(m)  

Nose 
radius 

(m)  

Mass 
(kg)  

Entry 
velocity 
(km/s)  

FPA 
(deg)  

Max 
heat 
flux 

MW/m2  

Super  
para  

Sub  
para  

Remarks  

Sphere -
cone  

45 deg  

Hayabusa  0.404  0.202  16.27  11.3 -13.8  15 - Cross   

Sphere -
cone  

60 deg  

Genesis  1.51 0.43  210  10.8  -8  7 DGB  Parafoil   

Stardust  0.827  0.23  45.8  12.6  -8.2  12 DGB  Triconical   

Sphere  
Photon  2.3  1.15 2472  7.6  -2 1.9      

Mirka  1 1 154 7.6  -2.5  1.2      

Spherical 
section  

Apollo (4)  3.9  4.69  5424  10.73  -7.1 4.9  - Conical,  
ribbon,  

ringsailes  

controlled  

Fire II  
(Initial 
conf.)  

0.67  0.935  86.5  11.35 -14.7 11.4 - -  

ARD  2.8  3.36  2715 7.54  -2.6  1.2 - Flat -
Ribbon  
Conical - 
Ribbon  
 Slotted -
Ribbon  

controlled  

Table 9-1: Comparing different missions: red indicates a main discrepancy with 
the need of Phobos Sample Return mission, green a close similarity  

9.2.2  Initial Aerodynamic Database for the Selected Shape  

The aerodynamic database available in RD[5] , which has been then adopted in the 
study, is reported hereafter in Figure 9-2. 
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Figure 9-2: Hayabusa geometry and adopted aerodynamic database as in RD[5]  

9.3  Sensitivity Analysis  

9.3.1  Assumption  

The following assumptions have been adopted in the parametric study: 

(A1) The aerodynamics coefficients of the entry probe have been assumed to be equal 
to the ones of Hayabusa presented above. 

(A2)  The front body shape of Hayabusa (with 45° half angle blunted cone) with a 
(initial)  nose diameter of 0.410 m has been selected. 

(A3) In support to the aerothermodynamics calculations, the 3 degree of freedom 
TRAJ3D code (RD[6] ) has been used. Inputs for the trajectory code are: the 
atmospheric profile (temperature, density and pressure as function of altitude), 
characteristic of the probe and potentially of parachutes (mass, diameter, drag 
coefficienté) and the entry conditions (velocity vector at interface altitude).  

(A4)  Different profiles of the earth atmosphere are available in the literature as the 
GRAM model (RD[7] ) and US 1976 standard model (RD[8] ): to simplify 
comparison with existing data, the last one has been used in the computations. 

(A5) The Detra-Hidalgo ( RD[9] , valid for velocities below 9 km/s) and Tauber -
Sutton (RD[10] , valid from 9 to 16 km/s) formulation has been used to estimate 
the radiative heat flux, while Detra and Hidalgo ( RD[9] ) have been adopted to 
calculate the convective contribution. Below the heat fluxes are given in W/cm2, 
V indicates the upstream velocity (m/s), NoseD

  is the nose diameter (m) and ȍ is 
the upstream density expressed in kg/m3 

¶ Detra and Hidalgo (Radiative heat flux for V < 9 km/s) :  
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¶ Tauber and Sutton (Radiative heat flux for 9 < V < 16 km/s) : 
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with F(V) tabulated function and AEXP function of the velocity and the 
density and the NoseD (see e.g. RD[10] , RD[11]). 

¶ Detra and Hidalgo (Convective heat flux): 
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9.3.2  Parameters  

Within the entry phase , special attention has been paid to investigate the influence of 
the entry conditions  and the design configuration  on the (convective and radiative) heat 
fluxes (and heat loads), maximum deceleration and stagnation  pressure experienced by 
the probe. To this end, the following quantities have been left free in the parametric 
analysis: 

(B1) Flight path angles (FPA) ranging from -5 deg to -20 deg have been considered 
in the analysis (but in the following section the results are presented for FPA > 
-14 deg: according to the simulation findings, the heat fluxes for smaller FPAs 
are well above the TPS capability). 

(B2) Ballistic coefficient. Different design configurations of the entry capsule have 
been included into the parametric analysis considering dif ferent ballistic 
coefficients1 ranging from 40 kg/m 2 to 150 kg/m 2 (results hereafter have been 
reported only for ballistic coefficients between 40 and 100  kg/m 2 covering the 
area of interest). 

9.3.3  Constraints and Design Driver  

The main requirements/constraints of the Phobos Sample Return entry probe, which 
have been applied to the parametric analysis, are briefly summari sed hereafter: 

(C1) In line with the worst case scenario foreseen by mission analysis, the relative 
entry velocity has been fixed to 12.3 km/s  at the interface altitude of 120 km. 

(C2) The ablative material under development shall be able to withstand  peak heat 
flux levels up to 14-15 MW/m² . Consequently within the parametric analysis 
the (total) m aximal heat fluxes shall be confined below 15 MW/  m²  (although 
further development and verifications could increase the material capability to 
around 18 MW/m ²).  

(C3) Stagnation (and dynamic) pressure shall be restricted by material and 
structure capabilities. The TPS under development (see Chapter 20 Thermal) 
shall be specified for up to 800 mbar (80000  N/m 2) stagnation pressure at 

                                                   

1 The (hypersonic) ballistic coefficient B c is defined by Bc = M/( Cd*ARef) where M is the mass, Cd is the 
(hypersonic) drag coefficient and ARef is the base area of the entry capsule. 
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maximum heat flux and consequently the stagnation pressure experienced by 
the capsule shall be confined below 800 mbar  at maximum heating.  

(C4) Maxim um deceleration shall be restricted for structure limitation below 80 g 
(eventually increased to 100 g). 

(C5) The landing velocity should be such that the appropriate choice of a crushable 
material would limit the maximum dec eleration of the sample container below 
2000 g (possible as low as 800 g). 

9.3.4  Parametric Results  

The results of the different trajectories defined by (B1)-(B2) and (C1) are summarised in 
Figure 9-3 to Figure 9-7 where the corresponding quantities are plotted as a function of 
the ballistic coefficient (horizontal axis) and FPA (vertical axis).  

In Figure 9-3, the results of the skip-out analysis are reported: the blue area Earth 
Return  Capsule (ERC)indicates skip-out, the green implies that the FPA crosses the -2 
deg while the is descending (close to skip-out or skip entry). Finally, for any 
combination of FPA and ballistic coefficient in the red area the Phobos Sample Return 
capsule enters "normally" into the earth atmosphere.  

 

Figure 9-3: Skip -out  

In Figure 9-4 the maximum total (convective plus radiative heat flux) at stagnation 
point is plotted: margins (20% on convective contribution and 100% on radiative one) 
are included. 
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Figure 9-4: Heat (convective and radiative) flux at stagnation point  

Integrated heat load (including margin) is plotted in Figure 9-5, while Figure 9-6 
reports the stagnation pressure at maximum heat flux. 

 

Figure 9-5: Integ rated heat load (at stagnation point)  
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Figure 9-6: Stagnation pressure (at maximum heat flux)  

On Figure 9-7 the maximum deceleration experienced by the ERC is summarised: very 
light dependency on the ballistic coefficient can be noted while the major role is left to 
the FPA (see e.g. RD[12]). 

 

Figure 9-7: Maximum deceleration  
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Finally, the results of the parametric analysis have been used to select a feasible domain 
(the possible ballistic coefficient / FPA combinations that fulfil the requirements) 
illustrated in Figure 9-8 (bottom centre picture indicated by the white area): the 
constraints (C2) - (C4) are superimposed on the results presented above and a 
maximum FPA of -8 deg has been indicated. No restrictions have been applied on the 
total heat load but this should be limited by mass constraints.  

 

Figure 9-8 : Feasible domain definition (bottom centre picture indicated by 
the white area)  

9.4  Baseline Design  

In this section a brief summary of the ERC design is given and the associated re-entry 
trajectory profile s for TPS sizing are presented. 

While in the parametric analysis the size of the ERC has been implicitly considered 
within the ballistic coefficient and the nose diameter being fixed (at 410 mm), in the  
present sections a short overview of the ERC design is provided. 

In Section 9.2.2, it has been decided to select the shape of Hayabusa as reference. 
Consequently only a scaling is applied here to define the actual dimension of the Phobos 
Sample Return capsule. 

With the support of the results presented above and taking into account system 
requirements, a baseline ERC configuration has been selected with the following design 
properties: 

¶ Diameter = 750 mm 

¶ Height = 375 mm (height / diameter = 0.5)  

¶ Mass = 26.3 kg (31.5 kg with DMM) 

¶ XCoG = 209.8 mm nominal  
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¶ XCoG / Diameter = 27.97% (if stability requires, improvements can be obtained 
with ballast and/or back cover modifications)  

 

 

Figure 9-9: ERC preliminary design  (ref: Airbus DS Phootprint design)  

9.4.1  Baseline Trajectory for TPS Sizing  

For TPS sizing purposes, beside the nominal one, also a maximum heat flux and a 
maximum heat load trajectories h ave being computed and reported in Figure 9-10. 

 

Figure 9-10: nominal, max heat flux and max heat load trajectories  (incl. margins)  
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Max heat flux trajectory  has been considered for TPS Ablator selection, max heat load 
trajectory for TPS thickness computation. Table 9-2 summarises the salient 
characteristics of the three derived trajectories. 

 

Table 9-2: Trajectory principal characteristics  
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10  CONFIGURATION  

The Phobos Sample Return mission consists of four elements: the propulsion module 
(PM), the landing module (LM), the Earth return vehicle (ERV), and the Earth re-entry  
capsule (ERC) as shown in Figure 10-1.  

 

Figure 10-1:  Phobos -SR elements  

Main task of the configuration subsystem is to design a new LM for this mission. The 
design was generated based on the following req uirements and design drivers. 

10.1 Requirements and Design Drivers  

¶ Phobos Sample Return stack has to fit inside the available volume of the Proton 
fairing  

¶ LM will interfac e with the propulsion module by means of 8 available interface 
point s of the Fregat upper stage 
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¶ ERV will be placed on top of LM by means of a conical interface (under Russian 
lead) with dimension 2m/1.6m/.3m (bottom diameter, top diameter and height 
of the cone) 

¶ LM shall accommodate subsystems equipment based on their requirement. 

10.2  Baseline Design  

Phobos Sample Return LM  uses a simple beam element adapter as shown in Figure 10-2 
between the PM-LM. The octagonal shape of the LM is derived from this 8 I/F point 
adapter with Ø2m diameter. This is done to have a simple load path from the LM to the 
PM. 

 

Figure 10-2:  Adapter PM -LM integrated on F regat  upper  stage  

Figure 10-3 shows the stowed configuration of the LM. The outside diameter of 2.3m of 
the octagonal shape box is used to provide support to all subsystem equipment.  

 

Figure 10-3:  Phobos -SR ï LM stowed configuration  

The LM accommodates the subsystem equipment as follows: 

Propulsion  S/S:  

There are 4 propulsion tanks with 0.7m diameter accommodated inside the LM. The 
tanks require about 1m height for the purpose of accommodating the pipe lines. This 
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requirement is sizing the height of the octagonal shaped LM. There is no pressurant 
tank needed to be accommodated.  

 

Figure 10-4:  LM Propulsion tanks accommodation  

Power S/S  

The Power subsystem requires about 10m2 solar panel areas. The side panel of the LM 
has a dimension of 825mm by 1m. To provide the required surface area, each solar panel 
will have longer dimension th an the LM side panel namely 1.23m. This will then give 3 
free surface areas that can be used to provide mounting area for other equipment. The 
electronic equipment of the power S/S, one unit of PCDU and one unit of battery are 
placed inside the LM. 

Communication S/S  

A High Gain Antenna (HGA) of 1.4 m diameter is accommodated on the LM side panel 
with 2 DoF mechanisms support. Several LGAôs are needed to cover a hemispherical 
field of view. During in -orbit operation the LM cannot have fully hemispherical FoV 
because the PM is still attach ed under the LM. In this case the LM could have the 
possibility to use on-board LGA of the PM. The same panel that supports the HGA 
accommodates also other COMMS equipment boxes. The COMMS boxes are illustrated 
in green in Figure 10-5. 

GNC S/S  

There are in total 16 x 20N thrusters required for the GNC S/S. Thrusters need to be 
located outside the spacecraft body as far as possible to have enough moment for GNC 
to control the spacecraft. The GNC items are illustrated in pink in Figure 10-5. 

Data Handling S/S  

The onboard computer (light blue in Figure 10-5) is internally mounted on one of the 
side panels. 

Robotic s 
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Robotic arm with stowage dimension of 1300 mm x 410 mm x 320mm is accommodated 
on a free side panel as shown in Figure 10-5. There are 3 configurations of the robotic 
arm shown in the picture namely: stowed (grey), sampling (red)  and sample transfer to 
ERC configuration (yellow) . 

 

Figure 10-5: Phobos -SR ï LM ï 3 configurations of the Robotic arm  

Payload  

Payload instruments are placed inside the spacecraft. One dedicated instrument panel 
provides opening windows for each of the instruments to meet their pointing 
requirement as shown in Figure 10-6.  
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Figure 10-6: Phobos -SR ï LM ï PL Field of view  

Figure 10-7 and Figure 10-8 show the accommodation for Phobos Sample Return LM 
and its internal and external accommodation  respectively. 

 

Figure 10-7: Phobos -SR ï LM internal accommodation  
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Figure 10-8 : Phobos -SR ï LM external accommodation  

10.3  Overall Dimensions  

The followi ng figures show the overall dimension of the Phobos Sample Return LM for 
stowed configuration with maximum dimension of 4.0 mm x 2.8 m x 4.3m  

 

Figure 10-9: Phobos -SR ï LM dimension in stowed configuration ï side view  



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 99 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

 

Figure 10-10: Phobos -SR ï LM dimension in stowed configuration ï top view  

 

For deployed configuration, dimension can be read from Figure 10-11 and Figure 10-12. 

 

Figure 10-11: Phobos -SR ï LM ï dimension in deployed configura tion - top view  
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Figure 10-12: Phobos -SR ï LM ï dimension in deployed configuration - side view  
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11 STRUCTURES  

11.1 Requirements and Design Drivers  

The following requirements and design drivers were used during this study to build the 
MMSR composites: 

 

SubSystem requirements  

Req. ID STATEMENT Parent ID 

STR-010 The structure of the different modules shall provide support for all their 
elements 

 

STR-020 The structure shall withstand all loads during lifetime 
 

STR-030 The structural stiffness shall guarantee minimum lateral and 
longitudinal fundamental frequencies compatible with the launcher 
requirements 

 

STR-040 The structural mass shall be as low as possible 
 

11.2 Assumptions and Trade -Offs  

Following the study baseline, Propulsion Module and Earth Return Vehicle are provided 
by ROSCOSMOS, and Landing Module and Earth Return Capsule are provided by ESA. 

As such only the Landing Module (LM) and the adapters to the Propulsion Module (PM) 
below, and to the Earth Return Vehicle above are discussed here. 

11.2.1 LM Structure  

Different options have been investigated for the layout and the materials of the Landing 
Module structure.  

Two possible designs were identified: 

Option A  A cylindrical central , primary  load carrying structure (with tanks and 
bottom/ top/ lateral panels outside) 

Option B An octagonal-shaped primary load carrying structure (with tanks and 
bottom/top  panels inside) 

The following rationale has been followed: 

¶ The mass of the LM shall be as low as possible 

¶ PM upper interface diameter is 2 m, 8 points  

¶ ERV lower interface diameter around 1.62 m in order to allow using it with a 
rather large diameter ERC 

¶ The number and dimensions for the tanks comes from propulsion requirements.  

Option A 

¶ The diameter change from 2 m of the PM upper I/F to a 1.194 m diameter of the 
LM lower I/F, including conversion of a 8 point load to a distributed flux with an 
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overflux in the order of 20 -30% maximum is being taken care of by an 8-
point/conical structure as shown in Figure 11-1 (the upper part is derived from a 
PAS1194 adapter, the lower part would have to be designed specifically for the 
Phobos mission). 

 

Figure 11-1:  Option A, adapter PM -LM  

¶ The cylindrical central  tube would be rather simple and light, considering that the 
flux would be quasi-uniform along the circumference  

¶ At the height of lower and upper tube interface a bottom and top sandwich panel 
would be foreseen, both of hexagonal or octagonal shape 

¶ Bottom and top panels would be connected at the outer edges by 6-8 lateral 
CFRP/aluminium honeycomb sandwich panels and/or stiffened aluminium 
panels to accommodate radiators 

¶ The tanks would be located between tube and lateral panels 

¶ On top of the tube, an inverse conical adapter would form the adapter from LM to 
ERV. 

Figure 11-2 shows a sketch of the configuration and gives rough mass values (note: these 
mass values originate from the study beginning and have been updated in the course of 
the study). 

The total mass for LM, PM-LM adapter and LM -ERV adapter is around 212 kg. The 
main contributors are the LM, which is higher than in option B (see below), and the PM -
LM adapter (mass estimated based on PAS 1194VS) which has to provide a ñsmall over-
fluxò upper interface. 

file://ESTCDFFIL2/CDFWorking/Phobos_SR_Study/Phobos_SRReport/Project Final Report Inputs/TA EDIT/Phobos_SRPresentations/Session 2 - 17-04-2014/01_CDF_session.pptx
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Figure 11-2:  Option A, configuration sketch and mass estimates  

Option B 

¶ No change in diameter, i.e. maintaining 2 m / 8 points configuration, for PM and 
LM; no distributed flux with limited overflux for LM required  

¶ The primary load path is of octagonal shape and consists of eight lateral panels 
plus eight struts/connectors  

¶ Top and bottom are closed by panels 

¶ Four tanks are located inside the octagonal 

¶ PM-LM adapter as proposed by ROSCOSMOS, see Figure 10-2 

¶ LM -ERV adapter as shown in Figure 11-8 transferring the loads from the 8 -point 
load path to a distribu ted flux with an overflux in the order of 20 -30% or less. 

Figure 11-3 shows a sketch of the configuration and gives rough mass values (note: these 
mass values originate from the study beginning and have been updated in the course of 
the study). 

The total mass for LM, PM-LM adapter and LM -ERV adapter is around 138.5 kg. 

 

Figure 11-3:  Option B, configuration sketch and mas s estimates  
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Option B  is interesting if the propulsion tanks fit inside, and also if the upper interface 
to the ERV has a rather large diameter, larger than the diameter of the central cylinder; 
both conditions are met.  

Option B is selected because 

¶ The four propellant tanks fit inside a 2 m diameter octagonal prism  

¶ The 8 interface points from Fregat make an octagonal shape an obvious choice 

¶ The design provides a direct load path from ERV to PM via the LM 

¶ The mass is lower than for option A , mainly due to a simpler load path  

¶ The design provides higher stiffness 

¶ The eight point interface of Fregat, on which the PM is based, continues as load 
path through the LM; peak fluxes can be easily taken care of by dedicated design 
of the connectors of the 8 lateral panels. 

¶ The eight point load path of the LM can be ñsmoothedò to a distributed flux by the 
LM -ERV adapter which is smaller and has lower strength requirements than the 
PM-LM adapter; hence offers an extra mass saving. 

11.2.2  Adapter PM -LM  

Two adapter designs have been considered, the rationale is presented in the previous 
section 11.2.1 together with the LM structure.  

The design chosen is shown in Figure 10-2. 

11.2.3  Adapter LM -ERV  

An inverted cone based on a typical Ariane5 or Vega adapter would be required for 
Option A  of section 11.2.1. Due to the different strength requirements, a custom-design 
would be required. 

The baseline adapter (for Option B) is described below. 

11.3 Baseline Design  

An overall view of the Phobos Sample Return baseline design is shown below (two 
lateral panels and bottom panels are removed for visibility).  
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Figure 11-4:  LM, adapters and ERV baseline  

11.3.1 LM Structure  

Based on the trade-off in section 11.2.1, the following design has been chosen. 

¶ 2 m diameter octagonal shaped geometry allows minimum mass of the primary 
structure  

¶ Lateral panels contribute to the primary load path together with lon gitudinal 
struts, which also serve as lateral panel connectors 

¶ Bottom and top covers provide shear stiffness to the primary structure and 
attachment opportunities for equipment  

¶ An 8-point/conical  LM -ERV adapter allows fitting of different interface 
diameters and flux reduction from 8 point -overflux to near-constant flux  

¶ The overflux from the PM is transferred/distributed to the ERV at the upper 
interface via a rather small custom-designed adapter 

¶ Tank supports are polar mounted with struts & fittings.  

 

Figure 11-4 and Figure 11-5 show the main structural elements of the LM:  

¶ Two lateral panels (w/ radiators)  made of aluminium face sheets /aluminium 
honeycomb (or alternatively aluminium panels with stiffeners)  

¶ Six lateral panels (w/o radiators) made from CFRP phase sheets / aluminium 
honeycomb 

¶ One top panel (CFRP phase sheets / aluminium honeycomb) & aluminium ring of 
octagonal shape 

¶ One bottom panel (CFRP phase sheets / aluminium honeycomb) & aluminium 
ring of octagonal shape 
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¶ Eight struts/connectors for the lateral panels in aluminium  

¶ Four struts per tank plus one fitting in alumin ium.  

 

Figure 11-5:  LM main structural elements and legs  

11.3.1.1 LM strut design  

Each of the four propellant tanks is supported by two bipods attached to the equator on 
each side, plus a fitting to the lateral panel providing the missing rotational stiffness.  

The structural dimensioning is shown in Figure 11-6. The QSL used is 4.2 g coming from 
the Proton User Guide RD[13]. Adding a safety/uncertainty factor, a QSL of 10 g is used 
for dimensioning.  

 

 

Figure 11-6:  LM strut des ign for tank bipods  

11.3.2  Adapter PM -LM  

The PM-LM adapter is shown in Figure 10-2 and Figure 11-4 on top of the PM and below 
the LM struts/connectors and bottom panel (not shown in figure for better visibility).  
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Figure 11-7:  Adapter PM -LM  

11.3.3  Adapter LM -ERV  

The LM-ERV adapter is shown in Figure 11-8 and Figure 11-4 on top of the LM top panel 
and below the ERV. 

 

Figure 11-8:  Adapter LM -ERV  

The design is not detailed further. The main structural requirements it has to fulfil are:  

¶ Provide strength and stiffness during the entire mission  

¶ Provide a smooth, low over-flux upper interface. 

11.3.4  ERC 

The ERC structural design follows closely the ERC Phootprint design: 

¶ Shapes and size are the same 

¶ Mass is very similar.  

Structure:  

¶ Front Shield: a sandwich with two skins of 0.8 mm thick CFRP and a 15 mm thick 
aluminium honeycomb  

¶ Back cover: 2 mm of aluminium (average value featuring common areas with a 
lower thickness than 2 mm and local reinforcements thicker than 2 mm)  

¶ Internal structure:  

o A conic shape sandwich, with two skins of 0.8mm thick CFRP and a 5mm thick 
aluminium honeycomb, which confines the energy absorbing material 

o 6 aluminium panels with lateral stiffeners, which transmit loads at impact and 
protect the crushable material from crushing on the ground  

o A 2.4 kg ballast mass has been added on the Frontshield structure in order to 
lower the centre of mass, staying below the maximum mass limitation. 
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No further design work has been done on the ERC, Figure 11-9 shows the configuration. 

 

Figure 11-9:  ERC structure (from Airbus DS ERC Phootprint design )  

11.4 List of Equipment  

Table 11-1 shows a list of LM structure equipment  

 

Table 11-1:  List of LM equipment  

11.5 Stiffness Verification  

Stiffness verification w.r.t. Proton is discussed in this section. The requirements 
originate from RD[13]: 

¶ Axial first mode > 35 Hz  

¶ Lateral first mode > 15 Hz. 

A FEM has been built containing the following elements:  

¶ PM ï represented by a rigid beam with Fregat mass, see Table 11-4 

¶ PM-LM adapter - rigid, mass and dimensions see Table 11-3 

¶ LM  - represented by a simplified 3D FEM Figure 11-10, mass and dimensions see 
Table 11-3 

¶ LM -ERV adapter - rigid, mass and dimensions see Table 11-3 



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 109 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

¶ ERV - rigid , mass and dimensions see Table 11-2 (note: ERV&ERC COG is located 
at 40.5% of ERV height) 

¶ ERC - rigid , mass and dimensions see Table 11-2 

¶ Tanks ï rigid struts, mass and dimensions see Table 11-2 (ñmass propulsionò, 
ñpropellant mass totalò). 

 

The FEM with dimensions is shown/sketched in Figure 11-10 

  

Figure 11-10:  Phobos simplified FEM  

 

 

Table 11-2:  ERV and ERC FEM, structural mass properties  
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Table 11-3:  LM and adapters FEM, structural mass properties  

 

Table 11-4:  PM FEM, structural mass and stiffness properties  

Note: values with the colour code                     are assumptions. Mass values are not 
always in line with the final mass values of the study. However, the differences in mass 
values can be neglected with respect to the conclusions derived. 

The first eight eigenfrequencies of the Phobos SR system clamped at the Fregat lower 
I/F are shown in Table 11-5. 

 

Mode  Frequency [Hz]  Description  

1 17.43 Lateral aluminium sandwich panel  mode 

2 28.99 Lateral CFRP panel mode 

3 29.09 Lateral CFRP panel mode 

4 29.26 Lateral CFRP panel mode 

5 95.22 1st global-z bending mode LM 
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Mode  Frequency [Hz]  Description  

6 99.91 1st global-y bending mode LM 

7 125.35 Upper panel mode 

8 128.13 Lower panel mode 

Table 11-5:  LM structural FEM main frequencies  

As can be observed from Table 11-5, the lowest frequency of the LM of 17.43 Hz is 
related to the aluminium sandwich panel, which is above 15 Hz as required. The modes 
of the CFRP panels are at around 29 Hz. 

As the axial and bending stiffnesses of the Fregat in the particular configuration for 
Phobos-SR were not available, the global behaviour could not be checked. What is 
learned from this analysis is that the LM global bending modes are very high, as well as 
the longitudinal m odes, so no problem from the LM is expected once coupled to 
representative PM and ERV FEMs. 

At a later stage it needs to be verified whether these Proton lateral and axial 
stiffness/frequency requirements are met.  

As far as only the LM is concerned, the global stiffness is sufficient. 

 

 

Figure 11-11:  LM l ateral aluminium sandwich panel  mode  
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Figure 11-12:  LM lateral CFRP panel mode  

 

Figure 11-13:  LM u pper panel mode  

11.6 Technology Requirements  

No particular technology development is required for the structural components of LM 
and the PM-LM adapter below, and LM-ERV adapter above the LM. 
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12 ROBOTICS  

12.1 Requirements and Design Drivers  
SubSystem requirements 

Req. ID STATEMENT Parent ID 

MI-10 The mission shall return approximately 100g of loose material from the 
surface of Phobos 

 

MI-220 
The mission shall perform 3 types of surface operations in order to 
fulfil requirements in the Science Requirements Document: 

- Sampling point selection and characterisation  
- Sample acquisition and transfer to ERC 
- Post-sampling science measurements 

 

MI-260 Once landed, the mission shall allow the Ground to select the sampling 
location within the sampling tool range  

 

MI-270 The mission shall provide the possibility to the Ground to check that 
the collected sample is suitable before transfer to the ERC 

 

MI-280 The mission should implement on -board automatic procedures to 
perform contingency sampling and lift -off operations in case of 
communication failures with the ground  

 

CO-30 The Composite shall provide single point failure tolerance. Redundancy 
concepts shall be considered to minimise consequences of single point 
failures 

C: any deviation with respect to this requirement shall be identified 
and justified  

 

CO-60 In the Composite design, only technologies that can be assumed to be 
at TRL 5 at the start of the mission implementation phase shall be 
considered when defining the mission architecture  

 

LM-60 The LM shall allow the sampling, transfer to ERC and sealing of the 
sample 

 

Table 12-1: Subsystem requirements  

 

Note that the following chapters refer to the ESA sampling chain solution described in 
chapter 24. However in case the IKI sampling chain solution would be used (see chapter 
25), it is considered at this preliminary stage that a similar robotic arm would be used to 
transfer the IKI sample container to the ERC.  

12.1.1 Robotic Arm De sign Description  

The robotic arm is required after landing on Phobos in order to:  

¶ Transfer the sampling device from its stowed position to close proximity with the 
surface 

¶ Exert the necessary force required during sampling 

¶ Place the sample container into the ERC with the required forces. 
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The arm needs to function in the environment of Phobos and be able to take a sample 
from an area beneath the lander. 

12.2  Baseline Design  

12.2.1  Robotic Arm Description  

A kinematic analysis has been performed to design the kinematic structure of the arm.  

The arm will be constructed with two limbs of 1.2meter to have sufficient reach to touch 
the surface and access the ERC. 4 degrees of freedom are needed, these will be realised 
by 3 pitch joints (J1, J2 and J3) which give the robot arm the ability to transfer a sample 
from the ground to the ERC and a roll joint (J0) which gives the arm the ability to access 
a wider sampling area and also provides more freedom for the location of the arm on the 
lander platform. The design with two long l imbs of a similar length provides the most 
compact configuration when stowed, without increasing the number of limbs and joints.  

The main characteristics of the design are: 

¶ 4DOF Robotic arm 

¶ Two limbs: L1=L2=1.2m 

¶ Mass = 14.3 kg 

¶ Sampling area: ὃ σȢςά  

¶ Sampling tool is attached to arm at the start of 
mission 

¶ Rotary bristles sampling tool  

 Figure 12-1: Sampling area  
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12.2.1.1  Joint Torque Requirement  

This section addresses different loading cases for the joints to determine the torque 
capability for each joint.  

The three loading cases in this mission are 1) sampling (10N, from Phootprint system 
studies), 2) storing the sample in the ERC (40N, from Phootprint system studies ) and 3) 
gravity load case 

Sample  acquisition case  

¶ The arm should exert 10N towards the surface at any position the arm could 
reach. 

¶ The worst case is assumed to be fully extended. This case is illustrated in the 
figure below. 

J0 

J1 

 

J2 

J3 

Limb 1 

Limb 2  

Figure 12-2: Robotic Arm components  
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Figure 12-3: Sampling acquisition case  

The required torque in J0 is negligible because the direction of J0 is perpendicular with 
the force exerted at Phobos. 

The required torque in J1 is ὓ Ὂ ὼz ρπὔ ςzȢτz ὅέί υυ ρσȢχφ ὔά  

The required torque in J2 is ὓ Ὂ ὼz ρπὔ ρzȢςz ὅέί υυ φȢψψ ὔά 

The torque in joint 3 is negligible because it is in line with  the direction of the force and 
the sampling tool.  

 
  

10N 

55° 

J1 

J2 

J3 
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Returning sample to ERC  

 

Figure 12-4: Returning the sample to the ERC  

The required torque in J0 is negligible because the direction of J0 is perpendicular with 
the force exerted at the Phobos. 

Joint 1 has no torque to apply because the arm is parallel with the direction of the 
applied force. 

The required torque in J2 is ὓ Ὂ ὼz τπὔ ρzȢςz ὅέί ρχ τυȢω ὔά 

The required torque in J3 is nil because it is in line with the force.  

Weight load case  

The arm shall hold its position unpowered for extended periods. The worst case is 
considered when the arm is fully extended from the lander and is perpendicular with 
respect to the Phobos gravity vector. The mass of the arm, limb, joints and payload is 
considered due to the Phobos gravity vector assumed to be 0.0057m/s2. 

Joints : 

To estimate the weight of the joints it is valuable to refer to the scalability analysis which 
is reported in the document ñPreliminary Design Document and Scalability Analysisò 
RD[14] from the Dextrous Lightweight Arm for Exploration  (DELIAN) project. Four 
families of joints have been identified, covering all DELIAN application scenarios. They 
have been preliminarily sized in terms of torque, mass and dimensions. 

Torque and mass are as follows: 

¶ 0 - 4 Nm,   0.356 kg 

40N 73° 

J1 

J0 

J2 

J3 
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¶ 5 ï 12 Nm,   0.438 kg 

¶ 13 ï 40 Nm,   0.585 kg 

¶ 40 ï 75Nm,   1.04  kg 

Limbs:  

The limbs have to be strong enough and therefore a rough calculation will provide an 
estimation of the weight of one limb. The limbs will be made from the light aluminium 
beam with an outer diameter of 44mm, 1mm thickness and have to withstand a bending 
moment (Mb) of 45 Nm.  

 

Therefore „  
ᶻ

 

Ὅ
“z Ὑ

τ

“z ὶ

τ
σȢρςσzρπά  

 

ůmax = 3.24*1010Pa 

ůalu = 7 * 1010Pa 

The aluminium thin -walled beam is able to withstand the small forces produced by the 
payload. 

Gravity load case  

The gravity load case has two aspects: 

¶ Load on Phobos during mission 

¶ Load on Earth during functional testing  

First some common values are computed. 

The limbs are made of hollow cylinders with an outside diameter of 44mm and inner 
diameter of 42mm. The length of the limbs is 1.2m and the density (” of the aluminium 
is 2800kg/m 3 
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Figure 12-5: 
Limb section  
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Figure 12-6: Gravity load case  

m1  = Mass limb one   =0.453 kg     

m2  = Mass Joint two  = 1.014 kg  

m3 = Mass limb two   =0.453 kg 

m4  = Mass joint three  = 0.438 kg 

mp  = Mass Payload   = 4.1 kg 
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Phobos gravity load case:  

g = Phobos gravity= 0.0057 m/s 2 

The required torques for the joints are:  

T1=0.0780Nm  

T2=0.0359Nm  

T3= 0.002337Nm  

J1 

J0 

J2 J3 

F1 F2 F3 F4 + 
Fp 
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The direction of joint 0 is perpendicular to the force direction which means this load is 
not affecting the joint. Joint 3 does not have to apply a torque to be stable in this load 
case. 

Earth testing load case:  

 When replacing g of Phobos with 1g on Earth (9,81m/s2) the torque will be:  

T1=134.27Nm 

T2=60.91Nm 

T3=4.02Nm  

These values are much higher than the torque needed by any other case. In order not to 
size the whole arm just for the ground testing case, an adapted testing scope is 
introduced.  

In this situation the payload during testing is replaced with a lighter model (0.25 kg) so 
that the highest torque is 39Nm (compatible to the worst torque of other cases). Other 
approaches should also be used, to be further defined in the development and validation 
plan (e.g. compensation devices, 2D test setup, etcé) 

Conclusions and Summary 

The worst case regarding torque demand can be found in joint 2 during insertion of the 
sample into the ERC. The arm is not able to operate in Earths 1G environment with the 
actual payload attached. The Robotic arm tests should be done first with a lighter 
payload and secondly with the actual payload in a simulated 0G environment. 
Horizontal 2 dimensional tests are recommended here because joint 0 is there for the 
third dimension and is never loaded by high torques. This concludes the whole system 
could be tested in two phases. 

The following table summarises the loads on the joints in the different cases. 

 
 Load  Joint 0  Joint 1 (Nm)  Joint 2 (Nm)  Joint 3 

(N m)  

Insert into ERC 40N - - 45.9 - 

Sampling operation 10N - ρσȢχφ 6.88 - 

Gravity load torque 0.0057m/s 2 - 0.075 0.035 0.002  

Gravity load 
torque(normal payload)   

9.81m/s2 - 134.27 60.91 4.02 

Gravity load 
torque(0.25kg payload)   

9.81m/s2 - 39.09 11.05 0.245 

Table 12-2: Load cases summary  

The next table shows only the maximum torques of the different situations on Phobos 
and on Earth with normal and reduced payload. This table is a tool to keep an overview 
of the masses in different scenarios. The masses of the components on Earth are based 
on the previous MMSR_A5 study[ RD[16]]. This study assumes testing with payload in 
1g environment. 

 
  



 

Phobos SR 
CDF Study Report: CDF-145(C) 

June 2014 
page 121 of 254 

 

ESA UNCLASSIFIED ï Releasable to the Public 

 

 

 Arm compatible with nominal 
payload during Earth testing  

Arm compatible with reduced 
payload during Earth testing  

Joint  Maximum 
torque Phobos 
(Nm)  

Maximum 
torque on 
Earth  

Mass (kg) 
 

Maximum torque 
Earth  

Mass  
(kg)  

Joint 1 13.76 134.27 2.5 39.09 0.585 

Joint 2  45.9 60.91 2.5 11.05 1.014 

Joint 3  0.002337 4.02 1.5 0.0245 0.438 

Limb 1  - - 2 - 0.453 

Limb 2  - - 1.5 - 0.453 

Table 12-3: Maximum Loads  

12.2.2  Sample Acquisition  Sequence  

The Robotic arm is stowed along a side panel of the Lander vehicle. 

Two hold-down brackets hold the robotic arm in place during launch and transfer to 
Phobos. Once the lander is on Phobos these brackets can release the Robotic Arm and 
the arm can start wit h its operations.  

There are two sampling modes foreseen, in order to have redundancy in case the 
communication with the ground  station is lost.  

In the first mode the lander takes a picture of the surface beneath the arm and sends it 
to Earth. Ground cont rol decides on this information where to take the sample. The Arm 
is instructed to travel from the stowed position to the surface of Phobos. The sampling 
tool can start the brushes just before the arm reaches the soil and the arm can continue 
its descent. After the sampling tool has collected the sample and this is verified by 
means of its sensor, the arm moves upwards to the ERC. During this transfer the 
sampling tool, described in the sampling chain section, opens up and prepares itself to 
deliver the container to the ERC. The arm has to exert a force of 40N into the ERC to 
lock the container into the ERC. The arm returns to the original stowage position after 
separating from the sample container (to free space for the ERV to take-off). This 
sequence of operations is illustrated in Figure 12-7. 
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Figure 12-7: Sampling chain sequence  

In the second mode, the Arm and Sampling Device will perform the same sequence 
autonomously if the communication with the ground station is lost. The location of 
sampling will be one pre-recorded in the system. 

These modes and the associated sequences are described in the chart Figure 12-8 which 
is extracted from the RD[15] document. 
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Figure 12-8 : Operations diagram  

12.2.3  Motors  

The choice of the actuator has been inspired  from the DELIAN technology development. 
The trade-off leading to the choice of actuator is found in the document ñPreliminary 
Design Document and Scalability Analysisò RD[14]. A summary of the conclusions is 
presented hereafter. 

12.2.3.1  Summary  

From a mechanical point of view, brushless DC torque motors appear as the best 
candidate for lightweight joint design as required in DELIAN. However the increased 
control complexity and the higher complexity of harness with respect to brushed motors 
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needs to be considered in the mass and power estimation. When considering the length 
of the harness and the mass of control electronics, brushed DC motors result the best 
candidate for the DELIAN application of long sampling arm. Lifetime assessments 
reported in the annex of RD[14] demonstrate that even in vacuum environment such a 
motor fulfils the lifetime requirement of short missions.  

12.2.4  Harne ss  

Whether the harness is internal or external to the arm structure, the torque necessary 
for bending and twisting  of cables can be substantial at the low temperatures expected 
on Phobos. Especially with high rotation angles (>90° deg) the bending torque 
resistance of normal electric wires increases significantly. 

Flex print ed circuit harness is a solution for minimising  resistive torque. Referring to 
annex III of the D ELIAN arm  RD[14] the resistive torque of the Flex print is only 0.03 
Nm for 24 wi res. This torque is negligible with respect to the torque used in the joints. 

With respect to mass, in this phase of the mission design, the mass of the harness is 
conservatively estimated as 10% of the total robot mass. 

12.2.5  Thermal Protection  

The thermal protection is estimated as 5% of the total robot mass. 

12.2.6  Hold  Down and Release Mechanism (HDRM)  

The robotic arm is held against the landers wall by two HDRM locations. The first one is 
located at the end of limb 1 close to joint 2. The second one is located at the end of limb 
2, close to joint 3. The HDRM is described in the Phootprint document  RD[15]. 

12.2.7  Mass Estimation  

The following table presents all the mass data of the Robotic Arm and its total mass.  

The mass is calculated for two scenarios. In the first scenario, the arm cannot be 
functionally tested on Earth with full payload.  

In the second scenario the arm is able to do full sampling tests on Earth. This implies 
that the joints and structure have to take the weight of the system into account. 
Therefore the whole system ends up heavier. The mass of the second scenario refers to 
the MMSR_A5 study RD[16]. 

 

Tool   Mass (reduced payload on 
Earth) [kg]  

Mass (full Payload on 
Earth) [kg]  

Joint 0  0.585 2.5 

Joint 1 0.585 2.5 

Limb1 0.453 2 

Joint 2 1.014 2.5 

Limb2  0.453 1.5 

Joint 3  0.438 1.5 
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Total bare 3.528 12.5 

Harness + thermal protection. 
(15%) 

0.529 1.8 

Total 4.057 14.3 

Table 12-4: Mass Estimation  

12.3  List of Equipment  

The equipment  below is also listed in the mechanisms chapter (only the robotic arm is 
to be considered in the present chapter). 

 

Table 12-5:  Equipment list  

12.4  Technology Requirements  

The following technologies are required or would be beneficial to this domain:  

Included in this table are:  

¶ Technologies to be (further) developed 

¶ Technologies available within European non-space sector(s) 

¶ Technologies identified as coming from outside ESA member states. 

 

Equipment 
and Text 

Reference  

Technology  Suppliers and 
TRL Level  

Technology from 
Non -Space 

Sectors  

Additional 
Information  

Robotic arm Transferring a 
sample from a 
moon to the 
ERC. 

Selex TRL4 by 2016  Yes See ESA MREP 
DELIAN activity 
information  
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13 MECHANISMS  (EXCLUDING THE SAMPL ING 
TOOL )  

 

Important note : this chapter is complemented by the  chapters describing the two 
different sampling chains solutions proposed by ESA (chapter 24) and IKI (chapter 25). 
In particular that is the reason why the sampling tool is not described in this chapter, 
because the  sampling approaches are very different and are described in the previously 
mentioned chapters. 

 

13.1 Requirements and Design Drivers  

13.1.1 ERC Spin and Ejection Device  

For the ERC separation, spin and ejection, the following design drivers are applicable: 

¶ The ERC shall be spun and ejected 

¶ The Spin and Eject Device (SED) shall be able to support the ERC probe from 
launch to ejection. 

13.1.2  Sample Container  

The sample container will store the samples collected by the sampling tool while 
attached to the robotic arm during the sampling operation. Afterwards it will be 
transferred into the ERC. Its requirements are closely related to those of the sampling 
tool.  The sample container: 

¶ Shall be quasi-hermetically closed 

¶ Shall remain attached to the robotic  arm during launch and till the end of 
sampling 

¶ Shall guarantee a reliable samples collection and hold of samples 

¶ Shall be able to measure the amount of samples collected during the sampling 
operation  

¶ Shall be transferred to the ERC by the robotic arm after sampling  

¶ Shall remain firmly attached to the ERC from its transfer till the end of re -entry 
into Earth.  

13.1.3  Landing Gears  

¶ Shall ensure a stable landing position on Phobos surface 

¶ Shall be compatible with Phobos surface characteristics (mechanical strength, 
roughness, inclination, very low gravity etc.)  

¶ Shall tolerate residual landing speed (vertical and transversal), attitude angle and 
angular speed of the S/C 

¶ Shall limit as much as possible landing shocks and accelerations 

¶ Shall dissipate as much as possible the kinetic energy of the S/C before landing. 
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13.1.4  High Gain Antenna Pointing Mechanism (HGA APM) and Hold  Down 
and Release  (HDRM)  

For the HGA, the following functions have to be fulfilled:  

¶ Restrain at launch with hold down and release mechanisms 

¶ Deploy once launched 

¶ 2 DOF pointing function is required  

¶ withstand the landing loads  when landing on Phobos. 

13.1.5  Solar Array Deployment Hinges and Latches , and Hold - Down and 
Release  Mechanism (HDRM)  

With regards to the solar arrays, the following drivers have been considered: 

¶ The SA hinges shall be able to withstand the landing loads on Phobos, and the 
firing of the PM thrusters during orbital manoeuvres  

¶ SA surface of 10.5 m2, arranged in 5 wings, each one made of 2 foldable panels, 
with each wing having a mass of about 7 kg. 

13.2  Assumptions and Trade -Offs  

This paragraph will summarise some general assumptions for the mechanisms used in 
this study.  

¶ Phobos environment has a temperature between 100 and 300 K. Mechanisms 
with bearings and gears, if lubricated with grease, must probably be provided 
with heaters in order to keep the temperature between -40 and 60 degC during 
operation  

¶ The Earth Return Vehicle (ERV) separation mechanism from the Land er will be 
provided by the Russian space agency and is therefore not described here. 

For the Landing Gears, some specific assessments have been done and will be presented 
in the following dedicated section.  

13.2.1  Landing Gears  

In the following sections, the touc h-down stability conditions, forces and accelerations 
on the Landing Module with ERV and ERC on top are evaluated with simplified 
assumptions. The objective is not to derive a quantitative estimation, but to provide an 
understanding of the effect of the various parameters in order to later develop 
guidelines to mitigate possible critical behaviours.  

Evaluations are done using a 2-dimensional model, and energy and momentum balance 
equations. A common assumption for all the evaluations is that the crushable material 
presents a flat or plastic force-displacement relationship. A real crushable material has a 
more complex behaviour; nevertheless the assumed threshold force can be regarded as 
an ñequivalentò value from an energy dissipation point of view. It is as sumed for 
simplicity that the angular speed of the S/C is negligible. It is finally highlighted that the 
angle of the S/C when approaching the soil shall be compatible with the envelope of the 
deployed solar array, in order to avoid any clash. 
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13.2.1.1 First legs t ouch -down stability  

Some rough investigation s have been done about the stability of the lander during the 
touchdown. 

Very simplified assessments can be firstly made on the geometry of the legs (constrained 
by the launcher envelope and ground clearance) and the flight parameters before the 
first leg touches down. For simplicity, a 2 -dimensional model is used, no initial 
rotational speed and the S/C is assumed to land on two legs. 

The main condition for the first touchdown is that the S/C does not rotate in the 
direction to flip -upside down. The further hypothesis that the touch -point will not be 
able to slide sideward is also introduced.  

The condition which drives the evaluation is that the translational momentum vector 
must have an arm to the touch-point, w hich produces a rotational momentum to roll the 
S/C so that it will later touch with the second pair of legs.  

From the momentum equation we obtain:  
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Where: 

h: height of the CoG; 

r : radius of the footprint of the legs;  

ar : angle between the S/C and the ground, due to attitude and surface slope 
combination;  

vx0, vy0 : speeds of the S/C along the surface and orthogonal to it; 

  

Figure 13-1:  Sketch of the S/C approaching touchdown  and main symbols  
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The condition says for instance that with h/r= 1 , and a= 25 deg, the max ratio between 
the horizontal and vertical speed is vx0/ vy0 = 0.18. The relationship highlights that the 
higher the CoG wrt the legs footprint ( h/r ), and the higher the angle of the S/C at 

touchdown (ar), the smaller must be the residual horizontal velocity.  

13.2.1.2  Peak force for one -leg touch -down  

From the translational momentum equation, it is also possible to assess the max 
impulse force which a leg will undergo during touchdown. The worst case occurs when 
the first landing is on only one leg, and the translational momentum vector is directed 
towards the touchdown point.  

Considering a speed of 0.7 m/s , and a mass of 1400 kg, the impact impulse to 
completely stop the motion is about 1000 Ns. If a crushable leg with 2000 N  of 
threshold force is used, the impact will occur in 0.5 s and the acceleration the S/C will 
experience is 1.4 m/s 2. The crush length needed results in about 0.18 m.  

Even if these evaluations are extremely simplified, a first guess of the order of 
magnitude of key parameters can be obtained. 

13.2.1.3  Second leg pair touch -down stability and  hold -down thrust  

After the first legs impact the soil, the S/C starts to rotate till the second pair of legs 
reaches the ground. The rotation speed is crucial to understand if the following motion 
will be stable of produce a flip-over of the S/C. Hold-down thrusters must apply a force 
along the S/C axis to reduce the rotational momentum and produce a stable landing. 

The calculation of the thrust force and application time is the purpose of the following 
assessment. 

 

Figure 13-2:  Sketch of the S/C rotating around the second contact point (left). The 
thrust force is shown  

It is assumed that the second impact will occur on two legs simultaneously. The worst 
case happens when the translational momentum have the largest arm w.r.t. the first 
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touch-down point. In this situation, the least energy is absorbed by the first impact, and 
the most is converted into rotational energy (or momentum) around the first impact 
point.  

Two scenarios can be evaluated for the second impact.  

In a first one, it is assumed that the crushable provides no dissipations, and the rotation 
kinetic energy and momentum has to be reduced by the thrusters only. To give a 
numerical example, vx0  in assumed 0.2 m/s , vy0 0.6 m/s  and a mass moment of inertia 
of 1300 kgm2. After the first crash, a residual rotational momentum of 1050 Nms can be 
estimated, with a rotational speed of about 0.11 rad/s . The thrusters are supposed to act 
after the second pair of legs touches the soil. Since the dissipation is neglected, the 
rotational momentum is conserved during the second impact. The necessary impulse 
from the thrusters is about 750 Ns (1.4 m arm wrt the rotation point). This means that a 
force of 40 N for example should be applied for 19 s, meanwhile the S/C makes a 
rotation of roughly 55 deg (1 rad).  

In a second scenario, the rotation is assumed to stop completely due to the dissipation 
of energy occurring in the second crush. With a rotation arm of 2 .8 m, the impulse 
needed to balance the rotational momentum is 380 Ns, about 200 Ns per leg. This value 
is of the same order of magnitude as the one estimated for a complete dissipation during 
the first crush in one leg. It drives therefore comparable requirements on the crushable 
material.  

The two scenarios represent however limited situations which are in any case quite 
unrealistic. However, the actual behaviour will be something between these scenarios. 

13.2.1.4  Flat touch -down on 4 legs  

In a perfect flat landing of 4 legs, an estimation of the maximum force per leg, the 
acceleration and crush-length is estimated. 

The initial kinetic energy is 250 J with 0.6 m/s  speed. A threshold force for the 
crushable legs of 2000 N is assumed. Since the geometry (inclination) of the legs is not 
considered here, this force must be regarded as a ñvertical equivalentò. The energy 
balance gives an estimated crushed length 0.032 m, and a maximum acceleration of 5.7 
m/s 2. The crush period lasts 0.1 s, and the impulse per leg is 210 Ns. 

It appears that this scenario represents the worst case in term of accelerations, and 
therefore loads on the rest of the S/C. A possible mitigation can come from reducing the 
equivalent threshold force on the crushable material (allowing a higher crush length in 
the preceding scenarios) and/or using elastic deformations to absorb impact energy 
more smoothly. Any elastic energy will be released back as kinetic energy, therefore a re-
bounce of the S/C will occur. This motion has to be controlled by the hold-down 
thrusters.  

A trade-off of these parameters is out of the scope of the actual study. The investigation 
nevertheless was able to point out the main phenomena involved and their effects. 

13.2.1.5  Multi -body simulations  

In order to have more confidence about the modelling approach, some simple models 
have been created in a Multi -body simulation software (DCAP). 
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The main objectives were to find a condition for a dynamically stable touch -down and 
understand the main effects of the model parameters, like legs footprint, soil and 
crushable material properties, level of hold-down thrust etc. The most interesting 
outputs which have been considered were the vertical touch-down force needed, the 
max accelerations, and the necessary crushable length. 

At this very early level of development, many assumptions and model simplifications 
have to be made. The results are not intended to be accurate, but have to be regarded 
merely at the level of order of magnitude evaluations and trade-offs. 

For the sake of simplicity, the analysis which is shown here does neglect any elastic 
deformation, that is, it is assumed that all the energy entirely is dissipated by the 
crushable material or the sandy ground. With these hypotheses, even if not completely 
realistic, we can calculate worst case accelerations and loads on the legs. 

On the other hand, the implementation of a more realistic elastic behaviour of the legs 
and of the ground needs several more assumptions over unknown parameters, which 
lead eventually to results which are anyway not relevant. 

A vertical speed of 0.6 m/s and 0.2 m/s horizontal (conservative) is used, with an initial 
inclination of the S/C of 25 deg. The simplified assumptions of the simulation include: 
no initial rotation rate, absence of bouncing  effects, an hold down-force of 4X10 N for 15 
s and a crushing force of 1000N per leg. 

 

 
Figure 13-3:  S/C approaching landing in DCAP Multi -body model . Vectors of 

initial speeds are shown in red  

 

The following graphs show the speeds at the S/C CoG. After the first crash, which 
absorbs part of the kinetic energy, the rest of energy is transferred into rotation and 
finally dissipated by the second crash. The rotational speed decreases during the first 
and second crash due to the dissipation occurring on the first two contact points, which 
are sliding in the actual model simulation . 












































































































































































































































